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RE´SUME´
Les polyme`res semi-conducteurs semicristallins sont utilise´s au sein de diodes
e´lectroluminescentes, transistors ou dispositifs photovolta¨ıques organiques. Ces ma-
te´riaux peuvent eˆtre traite´s a` partir de solutions ou directement a` partir de leur
e´tat solide et forment des agre´gats mole´culaires dont la morphologie dicte en grande
partie leurs proprie´te´s optoe´lectroniques. Le poly(3-hexylthiophe`ne) est un des po-
lyme`res semi-conducteurs les plus e´tudie´s. Lorsque le poids mole´culaire (Mw) des
chaˆınes est infe´rieur a` 50 kg/mol, la microstructure est polycristalline et compose´e
de chaˆınes formant des empilements-π. Lorsque Mw>50 kg/mol, la morphologie est
semicristalline et compose´e de domaines cristallins imbrique´s dans une matrice de
chaˆınes amorphes.
A` partir de techniques de spectroscopie en continu et ultrarapide et appuye´
de mode`les the´oriques, nous de´montrons que la cohe´rence spatiale des excitons
dans ce mate´riau est le´ge`rement anisotrope et de´pend de Mw. Ceci nous permet
d’approfondir la compre´hension de la relation intime entre le couplage inter et
intramole´culaire sur la forme spectrale en absorption et photoluminescence. De plus,
nous de´montrons que les excitations photoge´ne´re´es directement aux interfaces entre
les domaines cristallins et les re´gions amorphes ge´ne`rent des paires de polarons lie´s
qui se recombinent par eﬀet tunnel sur des e´chelles de temps supe´rieures a` 10 ns. Le
taux de photoluminescence a` long temps de vie provenant de ces paires de charges
de´pend aussi de Mw et varie entre ∼10% et ∼40% pour les faibles et hauts poids
mole´culaires respectivement. Nous fournissons un mode`le permettant d’expliquer
le processus de photoge´ne´ration des paires de polarons et nous e´lucidons le roˆle de
la microstructure sur la dynamique de se´paration et recombinaison de ces espe`ces.
Mots-cle´s : polyme`res semi-conducteurs, dynamique d’excitons, mi-
crostructure, se´paration de charge, agre´gats H et J.

ABSTRACT
Microstructure plays a crucial role in deﬁning the optoelectrical properties of
conjugated polymeric semiconductors which can be used in light harvesting and
generating devices such as organic light emitting diodes, ﬁeld eﬀect transistors
or photovoltaic devices. These polymers can be processed from solution or solid-
state and form photophysical aggregates, consequently providing a complex net-
work which controls the fate of any photogenerated species. poly(3-hexylthiopene)
is one of the most studied polymeric semiconductor. In this material, the molec-
ular weight (Mw) of the polymer governs the microstructure and highly impact
the optical and electronic properties. Below Mw≈ 50 kg/mol, the polymer chains
forms polycrystalline domains of π-stacked molecules while high Mw (>50 kg/mol)
consists of a two-phase morphology of molecularly ordered crystallites that are em-
bedded in amorphous regions. Such morphology provides a bidimensionnal network
hosting both neutral excitations, known as Frenkel excitons, and polarons.
By means of steady-state and ultrafast spectroscopy experiment and backed up
theoretical modeling, we demonstrate that the spatial coherence of such excitations
are anisotropic in the lattice and depends on the Mw of the polymer, providing a
deep understanding of the interplay between interchain (excitonic) and intrachain
coupling in polymer aggregates. Moreover, we show that direct excitation at the
interface between molecularly ordered and amorphous regions generates tightly-
bound charge pairs which decay via quantum tunneling over >10 ns. The yield
of delayed photoluminescence arising from the recombination of those charge pairs
varies between ∼10% and ∼40% for low and high Mw ﬁlms respectively. We provide
a quantitative model that describes the photogeneration process of those geminate
polaron pairs and determine the role of the microstructure in the charge separation
and recombination processes.
Keywords: semiconducting polymers, exciton dynamics, solid-state
vi
microstructure, charge separation, H and J aggregates.
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CHAPITRE 1
INTRODUCTION
1.1 Mise en contexte
La de´couverte des polyme`res ayant des proprie´te´s semi-conductrices a fait l’ob-
jet d’une re´volution scientiﬁque a` la ﬁn des anne´es 1970 et a notamment valu le prix
Nobel de chimie a` Allan Heeger, Alan MacDiarmid et Hideki Shirakawa en octobre
2000. [1] Ces mate´riaux organiques oﬀrent certains avantages comparativement aux
mate´riaux inorganiques : ils ont un couˆt relativement faible de production et ce sont
des mate´riaux polyvalents qui de´montrent une ﬂexibilite´ au niveau de leur fabrica-
tion et leur traitement. Leur utilisation au sein de dispositifs optoe´lectroniques est
multiple : diodes e´lectroluminescentes [2–6], transistors [7, 8] ou encore cellules so-
laires organiques. [9–11] De plus, ils ont fait leur entre´e dans la charte des meilleurs
dispositifs photovolta¨ıques re´pertorie´s par le ”National Renewable Energy Labora-
tory” (NREL) au de´but du mille´naire. [12] Au moment de l’e´criture de cette the`se,
l’eﬃcacite´ de conversion de puissance e´nerge´tique des meilleures cellules solaires or-
ganiques recense´es par le NREL se situe aux alentours de η ∼ 11% [12]. Bien que
ce taux est en croissance perpe´tuelle depuis les 10 dernie`res anne´es, leur eﬃcacite´
n’arrive pas a` la moitie´ de ce qui est standard pour les cellules conventionnelles
a` base de silicium cristallin ou` η ∼ 25% [12]. Cet e´cart subsiste en partie par le
fait qu’il existe toujours une incompre´hension sur la relation entre la microstruc-
ture des polyme`res semi-conducteurs semi-cristallins et certaines de leurs proprie´te´s
optoe´lectroniques.
Dans ce type de mate´riau, les excitations primaires ge´ne´re´es suite a` l’absorp-
tion de photons jouent un roˆle fondamental dans tout processus optique. En eﬀet,
l’interaction des polyme`res semi-conducteurs avec une radiation optique permet
2de cre´er initialement des paires e´lectrons-trous lie´es par une force coulombienne.
Ces quasi-particules appele´es excitons (onde d’excitation) peuvent se recombiner
radiativement, donnant lieu a` la photoluminescence. Ce processus est a` la base des
diodes e´lectroluminescentes, suite a` l’injection d’e´lectrons et trous dans le mate´riau.
En contre-partie, l’eﬃcacite´ de leur dissociation en paires e´lectron-trou libres limite
les performances des dispositifs photovolta¨ıques ou` l’on tente d’en tirer un courant
e´lectrique. Ainsi, l’analyse du comportement intrinse`que de cette quasi-particule est
fondamentale a` la compre´hension et l’ame´lioration des proprie´te´s optoe´lectroniques
des mate´riaux et dispositifs dans lesquels ils sont utilise´s.
Dans cette the`se, nous utilisons des expe´riences a` sondes optiques et structu-
relles qui nous permettent d’e´tudier l’e´volution temporelle du comportement des
excitons, de cibler leur caracte`re intrinse`que et d’e´tablir une relation entre la mi-
crostructure et les proprie´te´s optoe´lectroniques dans des ﬁlms de polyme`res semi-
conducteurs. Nous varions la morphologie de ces ﬁlms en modiﬁant le poids mo-
le´culaire ainsi que les proce´de´s de fabrication. Notre contribution principale aux
connaissances du milieu scientiﬁque actuel est d’e´tendre la compre´hension de la
de´pendance complexe entre la forme spectrale en absorption et photoluminescence
et le couplage excitonique inter et intramole´culaire dans les agre´gats de polyme`res.
De plus, nous de´taillons la dynamique de formation et recombinaison des paires de
polarons qui sont responsables du taux signiﬁcatif de charges pre´sent dans ce type
de mate´riau. Nos re´sultats permettent de cibler l’importance de l’agencement des
chaˆınes de polyme`res sur la formation de ces paires de charges.
1.1.1 Morphologie du rr-P3HT
Les polyme`res semi-conducteurs peuvent former des arrangements supramole´-
culaires complexes caracte´rise´s par une stabilite´ qui est limite´e par les forces non
covalentes de van der Waals, de Coulomb, des interactions π-π et des liaisons hy-
droge`nes. Lorsqu’ils forment des couches minces de l’ordre de la centaine de nano-
3me`tres, leur degre´ de cristallisation de´pend d’une multitude de parame`tres (solvant,
masse molaire, tempe´rature, etc.) a` tel point qu’a` ce jour il est tre`s diﬃcile, voire
impossible, pour les chimistes qui font la synthe`se de nouveaux mate´riaux de pre´voir
leur morphologie a` l’e´tat solide.
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Figure 1.1 – Arrangement supramole´culaire du rr-P3HT. Les chaˆınes s’empilent de
fac¸on cofaciale, provoquant un chevauchement des orbitales-π responsables de la
de´localisation des e´lectrons dans le mate´riau.
Un des polyme`res semi-conducteurs les plus e´tudie´s est le poly(3-hexylthiophe`ne),
commune´ment appele´ P3HT. Il est constitue´ d’une chaˆıne de polythiophe`ne π-
conjugue´e formant le squelette de la mole´cule a` laquelle sont attache´es des chaˆınes
late´rales (groupements hexyl) qui assurent la solubilite´ du mate´riau. L’incompati-
bilite´ entre le squelette et les chaˆınes late´rales fait en sorte que ce mate´riau s’auto-
assemble en une structure complexe. En eﬀet, lorsque de´pose´es sur un substrat
a` partir d’une solution dans laquelle les chaˆınes de polyme`re sont disperse´es, les
mole´cules s’agglome`rent pour former des domaines microcristallins caracte´rise´s par
un empilement-π des chaˆınes. [13, 14] Ce type d’empilement dont la signature ca-
racte´ristique peut eˆtre obtenue par spectroscopie par rayons-X est repre´sente´ a` la
Fig.1.1. Les chaˆınes de polyme`re se superposent de fac¸on cofaciale, permettant ainsi
aux orbitales p (oriente´es dans la direction [010]) des mole´cules avoisinantes de se
4chevaucher partiellement. C’est ce type d’arrangement mole´culaire qui permet la
formation du re´seau bidimensionnel dans lequel peuvent se mouvoir les espe`ces pho-
toge´ne´re´es suite a` l’absorption de photons (excitons, polarons). Ces empilements
de chaˆınes sont caracte´rise´s par une distance intermole´culaire de ∼ 3.8 A˚ contrai-
rement a` la distance entre les agre´gats qui est de ∼ 16.6 A˚, en conse´quence de la
pre´sence des longues chaˆınes late´rales. Ainsi, la courte distance interchaˆıne permet
un couplage intermole´culaire signiﬁcatif dans la direction [010], tandis que les inter-
actions inter agre´gats sont ne´gligeables. [7, 15] La taille des lamelles de P3HT dans
la direction [010] peut avoisiner les 7-8 nm, de´pendamment du poids mole´culaire
et des me´thodes de fabrication. [16, 17]
1.2 De l’oligome`re au polyme`re de haute masse molaire
Figure 1.2 – Microstructure a` l’e´tat solide du P3HT de faible (a) et haut (b) poids
mole´culaires. Les chaˆınes de P3HT de faible poids mole´culaire (Mw < 50 kg/mol)
forment une microstructure polycristalline caracte´rise´e par des chaˆınes e´tendues,
tandis que les ﬁlms forme´s avec Mw > 50 kg/mol sont plutoˆt semi-cristallins, i.e
compose´s de domaines cristallins entoure´s de re´gions amorphes. Ces dernie`res com-
prennent un amas de chaˆınes intermeˆle´es.(Image tire´e de la Re´f. [18])
Dans cette the`se, nous nous inte´ressons majoritairement a` l’inﬂuence du poids
mole´culaire des polyme`res semi-conducteurs semi-cristallins sur la microstructure
5et sur les proprie´te´s optiques dans des ﬁlms minces de P3HT. Il est connu que les
petites mole´cules comportant quelques unite´s monome´riques (oligome`res) forment
des cristaux dans lesquels les chaˆınes sont e´tendues (droites), avec une longueur
de conjugaison fondamentalement plus faible que dans les mate´riaux de plus haut
poids mole´culaire. [19] A` la Fig.1.2(a), les re´gions cristallines sont alors de´limite´es
par des frontie`res granuleuses. Les ﬁlms produits avec des polyme`res de plus haut
poids mole´culaire ont une microstructure qui s’apparente aux plastiques, forme´s
d’agre´gats dont les chaˆınes sont plus ﬂexibles et planaires . [19–21] Tel que sche´ma-
tise´ a` la Fig.1.2(b), dans la limite de haut poids mole´culaire, la microstructure est
compose´e de lamelles cristallines intercale´es par des re´gions amorphes compose´es
de chaˆınes de´sordonne´es et intermeˆle´es. Les longues chaˆınes de polyme`res peuvent
alors servir a` lier les domaines cristallins, augmentant par le fait meˆme de fac¸on
signiﬁcative les performances me´caniques ainsi que la percolation des charges entre
les agre´gats. [19, 22] Dans cette limite, le mate´riau est beaucoup plus robuste, ﬁable
et stable chimiquement. Ce sont des caracte´ristiques que l’on tente continuellement
d’optimiser dans le domaine de l’e´lectronique plastique.
1.3 Inﬂuence de la microstructure sur les proprie´te´s optoe´lectroniques
Dans les ﬁlms de P3HT, la mobilite´ de charge la plus e´leve´e re´pertorie´e avoisine
les 0.1 cm2V−1s−1 [7, 23], s’approchant de la mobilite´ des charges dans le α-Si.
De plus, lorsque me´lange´ avec le [6,6]-phe´nyl-C61-butanoate de me´thyle (un semi-
conducteur organique de´rive´ du fullere`ne, aussi connu sous le nom de PCBM), l’ef-
ﬁcacite´ typique est de 5% [24] et la maximale jamais recense´e de 6.5%. [25, 26] Il est
alors un candidat de pre´dilection pour les dispositifs optoe´lectroniques organiques.
Cependant, ces valeurs de´pendent largement de la morphologie du mate´riau. Par
exemple, pour du RRa-P3HT1, le fort de´sordre conﬁgurationnel abaisse la mobilite´
1P3HT re´gioale´atoire : faible % de la re´pe´tition de la conformation teˆte-a`-queue des unite´s de
thiophe`ne le long de la mole´cule.
6Figure 1.3 – Mobilite´ de charge dans des transistors a` eﬀet de champ de P3HT,
en fonction du poid mole´culaire du mate´riau. Les donne´es sont cumulatives des
travaux de plusieurs groupes. (Image tire´e de la Re´f. [19])
des charges a` ∼ 10−5 cm2V−1s−1, [7] soit 6 ordres de grandeur plus faible que le
rr-P3HT et caracte´ristique des polyme`res de´sordonne´s. [22]
Un autre comportement important est relie´ a` la masse molaire des mole´cules,
qui elle aussi inﬂuence aussi largement les proprie´te´s me´caniques et e´lectroniques.
Spe´ciﬁquement, les re´sultats de la Fig.1.3 tire´s de la Re´f. [19] de´montrent que la
mobilite´ des charges dans des transistors a` eﬀet de champ a` base de P3HT de´pend
de la microstructure confe´re´e par le poids mole´culaire du mate´riau et augmente
jusqu’a` environ 40 kg/mol ou` ces valeurs plafonnent ensuite pour les poids mole´-
culaires plus e´leve´s. [19, 27–31]. Pour ce qui est des mobilite´s de charge dans le
volume du mate´riau, le comportement est plus complexe. La Fig.1.4 montre les re´-
sultats de spectroscopie par temps de vol de la re´f. [19]. Les re´sultats aﬃchent une
mobilite´ volumique plus faible a` haut poids mole´culaire, et un maximum a` environ
5 kg/mol. [19, 32] Cependant, ces mobilite´s volumiques diﬀe`rent entre certaines
e´tudes et il est diﬃcile de re´concilier la disparite´ entre les valeurs publie´es en raison
7des proce´de´s de fabrication qui diﬀe`rent largement d’un groupe a` un autre. Ne´an-
moins, il est clair que la microstructure confe´re´e par la masse molaire du mate´riau
a un impact majeur sur les proprie´te´s optoe´lectroniques et c’est sur cet aspect que
sont base´s les travaux de cette the`se.
Figure 1.4 – Mobilite´ de charge observe´e par spectroscopie par temps de vol pour
des ﬁlms de P3HT de´pose´s a` partir d’une solution a` tempe´rature pie`ce (carre´s) et
a` T=115◦C (cercles). (Image tire´e de la Re´f. [19])
1.4 Nos objectifs
Les objectifs principaux de cette the`se sont d’acque´rir une compre´hension de´-
taille´e des proprie´te´s des excitons dans les polyme`res semi-conducteurs semi-cristallins.
Plus spe´ciﬁquement, nous nous penchons sur l’inﬂuence de la microstructure qu’en-
gendre une variation du poids mole´culaire du P3HT sur les proprie´te´s excitoniques
dans des ﬁlms minces. Via une multitude de techniques spectroscopiques et de
sondes structurelles qui seront de´crites dans le corps de ce document, nous explorons
la dynamique des excitations primaires et leur e´volution temporelle sur des e´chelles
8de temps allant de quelques femtosecondes jusqu’a` la microseconde. Sans dispositif
pour re´colter les charges cre´e´es, toute excitation photoge´ne´re´e doit ultimement re-
venir a` l’e´tat fondamental via une relaxation radiative ou non radiative, avec une
signature caracte´ristique de la microstructure. Le couplage excitonique re´sultant
de l’agre´gation de mole´cules tel que sche´matise´ a` la Fig.1.1 proˆne la de´localisation
de la fonction d’onde des excitons dans les domaines cristallins. Cependant, cette
de´localisation est concurrente avec la nature localisatrice du de´sordre e´nerge´tique
inhe´rent dans les polyme`res et du couplage entre les e´lectrons et les modes de vi-
bration du re´seau. Avec nos mesures spectroscopiques et en nous appuyant sur un
mode`le the´orique qui tient compte des interactions excitoniques le long de la chaˆıne,
entre les chaˆınes, du couplage e´lectron-phonons et du de´sordre e´nerge´tique, nous
e´lucidons l’inﬂuence de la microstructure sur la cohe´rence spatiale bidimensionnelle
des excitons dans cette classe de mate´riau.
De plus, nous nous penchons aussi sur le processus de se´paration de ces excitons,
dont le me´canisme exact fait toujours objet de vifs de´bats scientiﬁques. Lorsque se´-
pare´s spatialement sur deux mole´cules, les excitons forment des paires de polarons
(e´lectron ou trou habille´s du champ de polarisation dans le re´seau). La forma-
tion de ces derniers a e´te´ observe´e sur des e´chelles de temps ultrarapides (∼ 150
fs). [33–35] Les expe´riences que nous avons de´veloppe´es nous permettent de sonder
le me´canisme de dissociation des excitons en paires de polarons ainsi que leur re-
combinaison radiative successive et nous permettent de de´crire la morphologie des
sites ou` le processus prend naissance. Nous de´montrons ainsi que la photoge´ne´ration
de polarons se produit dans des domaines morphologiquement plus de´sordonne´s,
et spe´culons que ces re´gions sont caracte´ristiques des interfaces entre les domaines
cristallins et les re´gions amorphes. Ce type d’e´tude est central a` la compre´hension
exhaustive de la relation entre la morphologie et les proprie´te´s optoe´lectroniques
dans cette vaste classe de mate´riau.
91.5 Format de ce document
La partie centrale de cette the`se est constitue´e de 4 articles scientiﬁques. L’in-
formation supple´mentaire de chaque article, lorsque de mise, est fournie en annexe.
La contribution de chaque coauteur a` la forme ﬁnale des articles est aussi incluse
en annexe.
Le premier chapitre expose les caracte´ristiques principales des mate´riaux π-
conjugue´s, les principes physiques d’interaction entre la lumie`re et la matie`re ainsi
que les proprie´te´s relie´es a` l’agre´gation de mole´cules.
Le second chapitre porte sur la cohe´rence spatiale des excitons dans les agre´gats
de P3HT. Nous de´montrons que cette cohe´rence est bidimensionnelle, anisotrope
et de´pend du poids mole´culaire du polyme`re. Ce chapitre sert a` faire le pont entre
la the´orie des excitations dans les agre´gats mole´culaires de´sordonne´s et les obser-
vations expe´rimentales par spectroscopie d’absorption et de photoluminescence.
Le troisie`me chapitre traite du me´canisme de se´paration d’excitons en paires ge´-
minales de polarons dans les agre´gats mole´culaires en s’appuyant sur des me´thodes
de spectroscopie ultrarapides. Nous appliquons aussi un mode`le the´orique a` multi
niveaux pour expliquer l’origine de la photoluminescence a` court et a` long temps
de vie. Ces mesures nous permettent de conclure que la se´paration se produit aux
interfaces entre les domaines cristallins et les re´gions amorphes.
Le quatrie`me chapitre fait un suivi des re´sultats du chapitre 3. Nous e´talons ainsi
notre recherche sur le me´canisme de se´paration de charge pour diﬀe´rents types de
microstructures. Dans ce chapitre, nous de´montrons que le taux de formation, re-
combinaison ainsi que la distance moyenne des paires de charges de´pend largement
du proce´de´ de fabrication et du poids mole´culaire.
Le cinquie`me chapitre porte sur l’origine de la formation des paires de charges
dans les ﬁlms de diﬀe´rents poids mole´culaires et permet une conclusion descriptive
de la morphologie des sites qui accueillent ces espe`ces.
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Finalement, une conclusion ge´ne´rale des travaux de cette the`se permet de mettre
en perspective les re´sultats obtenus avec la vision globale du milieu scientiﬁque sur
le sujet pre´sente´ dans le corp de ce document.

CHAPITRE 2
CADRE THE´ORIQUE
2.1 Proprie´te´s des mate´riaux π-conjugue´s
Les polyme`res semi-conducteurs utilise´s dans le domaine de l’optoe´lectronique
sont majoritairement compose´s de carbone, une des briques essentielles des ma-
te´riaux organiques. Le carbone porte la conﬁguration e´lectronique 1s22s22p2 dans
son e´tat fondamental. Des quatre e´lectrons de valences, les deux e´lectrons s forment
une paire sur une meˆme orbitale mole´culaire tandis que les deux e´lectrons p sont
positionne´s sur des orbitales diﬀe´rentes. Certaines structures mole´culaires forcent
les orbitales s et p a` se combiner pour former des orbitales hybrides. Ces orbitales
hybrides ont une orientation spatiale et des e´nergies qui diﬀe`rent largement des
orbitales non hybride´es.
Figure 2.1 – Illustration du phe´nome`ne d’hybridation sp2 du benze`ne. Les e´lectrons-
π sont de´localise´s sur la mole´cule.
Par exemple, la mole´cule de benze`ne (C6H6) est forme´e par hybridation de type
sp2. En eﬀet, il est possible d’obtenir un me´lange des deux orbitales s et deux
orbitales p de sorte a` former trois orbitales sp2, tout en laissant une orbitale p
inchange´e. Dans ce cas, les trois orbitales sp2 sont coplanaires et dirige´es a` 120◦ les
unes par rapport aux autres et servent a` former les liens σ tandis que l’orbitale p
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restante se trouve perpendiculaire aux orbitales sp2 et sert a` former des liens π avec
les orbitales p avoisinantes. Une conse´quence fondamentale de ce type d’hybridation
est que la densite´ e´lectronique des e´lectrons occupant les orbitales σ est fortement
localise´e dans l’espace entre les atomes de carbone et ces derniers ne contribuent pas
a` la conductivite´ de tels types de mate´riau puisque leur e´nergie d’ionisation est tre`s
e´leve´e (∼ 11eV ). [36] En contre-partie, les liens σ ont une contribution essentielle
a` la formation du squelette de la mole´cule. Puisque les orbitales p des mole´cules
avoisinantes se chevauchent et sont dirige´es perpendiculairement au plan de la
mole´cule, les e´lectrons-π qui les occupent sont alors de´localise´s de part et d’autre
de cette dernie`re tel que de´montre´ a la Fig.2.1. Conse´quemment, ces derniers sont
responsables de la conductivite´ des mate´riaux organiques et sont a` l’origine des
transitions e´lectroniques de´crites dans ce document.
Les polyme`res semi-conducteurs forme´s a` partir de mole´cules conjugue´es simi-
laires au benze`ne ont des proprie´te´s e´lectroniques qui s’apparentent a` celles des
mate´riaux inorganiques. De fac¸on analogue aux bandes de valence et de conduc-
tion, ces derniers ont des orbitales mole´culaires remplies et vides. Les orbitales
mole´culaires qui sont remplies forment l’e´quivalent de la bande de valence dans les
semiconducteurs inorganiques et l’orbitale mole´culaire remplie de plus haute e´ner-
gie est appele´e HOMO (”Highest Occupied Molecular Orbital”). Les orbitales vides
forment l’e´quivalent de la bande de conduction et celle de plus basse e´nergie est
nomme´e LUMO (”Lowest Unoccupied Molecular Orbital”). Ainsi, les transitions
e´lectroniques se produisant suite a` l’absorption d’un photon se font entre la bande
HOMO et LUMO et leur espacement e´nerge´tique (bande interdite) est typiquement
de l’ordre de quelques e´lectrons-volts. Puisque l’e´nergie de cette bande interdite cor-
respond a` l’e´nergie des photons dans la re´gion visible du spectre e´lectromagne´tique
(∼1.60-3.25 eV ), on dit que les mate´riaux π-conjugue´s sont des mate´riaux ”colo-
re´s”. Bien que leur bande interdite reste bien infe´rieure a` celle du silicium (1.1 eV
), ils occupent tout de meˆme une place importante au sein des dispositifs optoe´lec-
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troniques puisqu’ils absorbent dans une re´gion du spectre e´lectromagne´tique ou` le
soleil e´met son maximum de radiation.
2.2 Proce´de´s optiques dans les mate´riaux organiques
Les outils qui nous permettent de sonder les e´tats e´lectroniques des mate´riaux
sont multiples. Une grande partie des travaux de cette the`se se base sur l’e´tude
de phe´nome`nes relie´s a` l’interaction entre la lumie`re et la matie`re, un principe
largement e´tudie´ par spectroscopie optique. L’utilisation d’une sonde optique non
destructrice nous permet de questionner l’e´tat e´lectronique d’un syste`me. Nous pou-
vons e´tudier le syste`me a` l’e´tat d’e´quilibre ou encore sonder l’e´volution temporelle
des e´tats e´lectroniques. Ces informations sont ne´cessaires a` la compre´hension de la
relation fondamentale entre la microstructure et les processus optiques observables.
2.2.1 Perturbation optique d’un syste`me
Les e´lectrons-π peuvent interagir avec une radiation e´lectromagne´tique dont
l’e´nergie est supe´rieure a` l’e´nergie de la bande interdite du mate´riau, i.e h¯ω ≥
ELUMO−EHOMO. L’absorption d’un photon a pour eﬀet d’exciter un e´lectron-π
de la bande HOMO vers la bande LUMO d’une mole´cule. Cette interaction est
conside´re´e comme e´tant une perturbation de l’e´tat fondamental de la mole´cule et
peut eˆtre e´value´e a` l’aide de la the´orie des perturbations au premier ordre. Ainsi,
le taux de transition est directement tire´ a` partir de la valeur attendue d’un hamil-
tonien perturbatif dans l’e´tat fondamental. Cette perturbation e´lectromagne´tique
est gouverne´e par l’hamiltonien dipolaire e´lectrique [36] :
Hdip =μ ·E. (2.1)
Cet hamiltonien de´crit le couplage entre le champ e´lectrique perturbatif d’une
radiation incidente, E = E0cos(ωt)kˆ, au moment dipolaire (μ =−e∑ jr j) de la mo-
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le´cule. Ici, nous ne´gligeons l’e´tendue spatiale de E puisque la longueur d’onde de
l’excitation λ est beaucoup plus grande que les distances typiques intermole´cu-
laires. Le taux de transition d’e´lectrons entre l’e´tat initial (fondamental) et ﬁnal
(excite´) ψi et ψ f est donne´ par la re`gle d’or de fermi [37] :
Ti→ f =
2π
h¯
∣∣〈Ψ f |Hˆdip|Ψi〉∣∣2 ρ f δ (Ef −Ei− h¯ω), (2.2)
ou` ρ f est la densite´ d’e´tats ﬁnaux accessibles. Ei et Ef sont les e´nergies des e´tats
initiaux et ﬁnaux et h¯ω l’e´nergie de la radiation incidente. Le terme
∣∣〈Ψ f |Hˆdip|Ψi〉∣∣2
peut eˆtre nul en raison de la symme´trie particulie`re des e´tats initiaux et ﬁnaux.
Dans ce cas, on dit qu’une transition e´lectronique est non permise.
2.2.2 L’approximation de Born-Oppenheimer
La distribution des niveaux d’e´nergie d’un syste`me mole´culaire est complexe et
peut eˆtre de´termine´e, en principe, en re´solvant l’e´quation de Schro¨dinger inde´pen-
dante du temps :
HmolΨ= EmolΨ. (2.3)
L’hamiltonien mole´culaire, Hmol, comprend les termes d’e´nergie cine´tique des
e´lectrons et noyaux ainsi que les interactions e´lectrons-e´lectrons, e´lectrons-noyaux
et noyaux-noyaux. Puisque les e´lectrons participant aux transitions e´lectroniques
sont beaucoup plus le´gers que les protons (mp/me ≈ 1800), leur re´ponse suite a`
une excitation optique est pratiquement instantane´e (∼ 10−15 s) contrairement a` la
re´ponse beaucoup plus lente du noyau de la mole´cule (∼ 10−13 s). [38] Une approxi-
mation ge´ne´ralement utilise´e en mode´lisation consiste a` de´coupler le comportement
des e´lectrons de celui des noyaux en termes inde´pendants dans l’hamiltonien. Dans
cette approximation adiabatique, Hmol prend la forme :
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Hˆmol = Hel+Hel-nuc+Vnuc-nuc. (2.4)
Les e´tats propres du syste`me, |Ψ〉, deviennent alors un simple produit des fonc-
tions d’ondes e´lectronique, φ , et vibrationelle, χ avec la forme : |Ψ〉= |φ〉|χ〉. [39]
Le taux de transition en absorption de l’E´q.2.2 prend alors la forme
Ti→ f =
2π
h¯
∣∣〈φ f |Hˆdip|φi〉∣∣2 ∣∣〈χ f |χi〉∣∣2 ρ f δ (Ef −Ei− h¯ω). (2.5)
Le terme
∣∣〈φ f |Hˆdip|φi〉∣∣2 est relie´ au moment dipolaire de transition purement
e´lectronique.
∣∣〈χ f |χi〉∣∣2 est appele´ facteur Franck-Condon et repre´sente le chevau-
chement entre les fonctions d’ondes vibrationelles de l’e´tat fondamental et excite´.
Ce dernier est responsable de la forte modulation en intensite´ des diﬀe´rentes transi-
tions e´lectroniques observables dans les spectres d’absorption et photoluminescence
de ﬁlms de P3HT.
2.2.3 Inﬂuence du couplage e´lectrons-phonons sur la forme spectrale
en photoluminescence
Les e´tats initiaux, |i〉, et ﬁnaux, | f 〉, d’un syste`me de´pendent de plusieurs degre´s
de liberte´ lie´s aux coordonne´es des e´lectrons et du noyau. Il est alors conventionnel
de repre´senter les degre´s de liberte´ nucle´aire comme des modes normaux de la mo-
le´cule. Chaque mode normal e´tant associe´ a` une coordonne´e normale Qα (phonons
d’Einstein) avec une fre´quence caracte´ristique ωα . Ces modes de vibration intra-
mole´culaires peuvent se coupler aux transitions e´lectroniques. Dans la majorite´ des
mole´cules conjugue´es, un mode de vibration intramole´culaire associe´ a` l’e´tirement
des atomes de carbones C=C avec une fre´quence caracte´ristique ωα ≈180 meV pre´-
domine. L’approximation de Franck-Condon est essentiellement une reformulation
plus restrictive de l’approximation de Born-Oppenheimer, i.e. on assume que les
transitions e´lectroniques se font si rapidement que les coordonne´es nucle´aires res-
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Figure 2.2 – Repre´sentation sche´matique d’une transition vibronique dans la situa-
tion ou` la ge´ome´trie d’e´quilibre diﬀe`re entre l’e´tat fondamental et l’e´tat excite´. Les
puits de potentiel quadratiques sont e´quivalents a` ceux d’oscillateurs harmoniques.
Erel de´signe l’e´nergie de relaxation suivant la transition e´lectronique. Les niveaux
vibrationnels sont indique´s par les indices ν . Dans cette ﬁgure, nous observons la
transition 0–2 en absorption (bleu) et photoluminescence (rouge).
tent stationnaires pendant la transition. D’autre part, les fre´quences de vibration
sont typiquement 1 ordre de grandeur plus faible que les e´nergies des transitions
e´lectroniques qui se font verticalement.
La transition optique entre l’e´tat fondamental et l’e´tat excite´ d’une mole´cule
est sche´matise´e a` la Fig.2.2. De fac¸on ge´ne´rale, le minimum d’e´nergie du puits de
potentiel de l’e´tat excite´ se situe a` une position Q qui diﬀe`re de celle de l’e´tat
fondamental en conse´quence de la diﬀe´rente distribution e´lectronique. Ainsi, une
transition verticale termine sur un e´tat excite´ ayant le meˆme Q que l’e´tat fonda-
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mental. Puisque le temps de vie de l’e´tat excite´ est beaucoup plus grand que le
temps associe´ au mouvement du noyau, il se produit une relaxation non radiative
en ∼ 10−13 s vers le bas de la courbe e´nerge´tique. Le retour de l’e´lectron vers l’e´tat
fondamental se fait aussi verticalement, signature caracte´ristique des mate´riaux a`
bande interdite directe, avec une e´nergie d’e´mission plus faible que celle associe´e
a` l’absorption. La diﬀe´rence e´nerge´tique entre le photon de plus basse e´nergie ab-
sorbe´ et celui de plus haute e´nergie re´e´mis est appele´e de´calage de Stokes. Plus la
mole´cule est ”rigide”, plus ce de´calage est faible. Une conse´quence fondamentale du
couplage des modes de vibration nucle´aires aux transitions e´lectroniques est qu’il
apparaˆıt une progression line´aire d’oscillateurs harmoniques pour chaque e´tat e´lec-
tronique. Ces transitions e´quidistantes e´nerge´tiquement sont sche´matise´es par les
lignes verticales dans les puits de potentiels de la Fig.2.2. D’apre`s l’E´q.2.5, le poids
porte´ par chaque transition vibronique est donne´ par le facteur Franck-Condon, qui
lui de´pend de l’inte´grale de superposition des fonctions d’ondes nucle´aires de l’e´tat
initial et ﬁnal :
Fi, f =
∣∣〈χi|χ f 〉∣∣2 (2.6)
Suite a` la thermalisation ultrarapide des e´lectrons, seulement l’e´tat vibrationel
nul de l’e´tat excite´ (ν = 0) est occupe´. Ici, ν repre´sente le nombre de quanta de
vibration implique´s dans la transition. Le facteur Franck-Condon a` T=0K pour une
transition ν = 0 vers un ν non nul est alors donne´ par l’expression suivante [38] :
F0,ν = 〈0|ν〉2 = exp(−S)S
ν
ν!
. (2.7)
S est le facteur Huang-Rhys de´ﬁni comme :
S=
k(ΔQ)2
2h¯ωp
, (2.8)
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ou` k est la constante de rappel de l’oscillateur, ωp est la fre´quence du phonon
d’e´nergie Ep et ΔQ de´crit le changement de coordonne´es conﬁgurationelles entre
l’e´tat S0 et S1. L’e´q.2.7 de´montre alors que pour une mole´cule isole´e couple´e a` un
mode de vibration, la progression en intensite´ des transitions e´lectroniques suit une
distribution poissonienne. Le facteur S est aussi de´ﬁni comme e´tant la constante du
couplage e´lectron-phonon et renseigne sur l’e´tendue de la de´formation ge´ome´trique
de l’e´tat excite´ par rapport a` l’e´tat fondamental. Le parame`tre de Huang-Rhys cor-
respond physiquement aux nombres moyens de phonons implique´s dans le processus
de relaxation. Il est a` noter que lorsque S = 0, seule la transition entre le niveau
vibronique nul (ν = 0) de l’e´tat fondamental et le niveau vibronique nul (ν˜ = 0)
de l’e´tat excite´ est accessible (transition note´e 0–0). De plus, F0,ν doit satisfaire
la re`gle de sommation, ∑ν F0,ν = 1. Il en re´sulte que lorsque S augmente, la force
d’oscillateur est transfe´re´e de la transition 0-0 vers les transitions 0-ν .
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Figure 2.3 – Forme spectrale de la photoluminescence d’une mole´cule isole´e en
fonction du parame`tre Huang-Rhys, S, pour diﬀe´rentes valeurs de´ﬁnies dans la
le´gende. ωp=180 meV , σ = 0.4ωp (largeur de la transition), E0=1.85 eV .
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A` partir de l’E´q.2.7, il en de´coule que la forme spectrale en absorption et photo-
luminescence d’une mole´cule isole´e peut eˆtre de´crite par la sommation sur toutes les
transitions e´lectroniques accessibles. Notamment, en photoluminescence on trouve
la forme typique suivante [36] :
IPL(ω) ∝∑
m
Smexp(−S)
m!
Γ(E0−mEp− h¯ω) (2.9)
ou` Γ est une gaussienne centre´e a` l’e´nergie de la transition e´lectronique. E0 est
l’e´nergie de la transition de plus haute e´nergie (0–0), Ep = 180 meV est l’e´nergie
du mode de vibration principal couple´ aux transitions et h¯ω l’e´nergie du photon
e´mis. La fonction IPL(ω) est pre´sente´e a` la Fig.2.3 pour diﬀe´rentes valeurs de S.
L’e´largissement des transitions provient principalement du couplage a` une multi-
tude de modes vibrationels mole´culaires de plus basse e´nergie ainsi qu’a` ceux du
re´seau. Le facteur Huang-Rhys peut eˆtre de´termine´ expe´rimentalement en prenant
le ratio entre l’intensite´ des transitions 0–2 et 0–1 de la progression vibronique de
la photoluminescence. A` partir de l’E´q.2.9 on obtient :
S= 2
I0−2PL
I0−1PL
(2.10)
Dans les agre´gats mole´culaires, la distribution en intensite´ des diﬀe´rentes tran-
sitions e´lectroniques s’e´loigne de la distribution poissonienne de l’E´q.2.7. L’e´tude
de la distorsion de cette progression est un outil pre´cieux pour extraire de l’infor-
mation sur l’assemblage des mole´cules, le de´sordre e´nerge´tique et mole´culaire ainsi
que sur certaines proprie´te´s excitoniques.
2.2.4 Transitions optiques radiatives et non radiatives
La ﬁg.2.4 couvre les diﬀe´rentes transitions e´lectroniques entre les niveaux d’e´ner-
gies qui peuvent eˆtre observe´ par spectroscopie d’absorption et photoluminescence.
L’e´tat fondamental est singulet (S0 : S=singulet, 0=e´tat fondamental) et les deux
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e´lectrons occupant la HOMO sont de spins oppose´s suite au principe d’exclusion de
Pauli. L’absorption d’un photon peut alors propulser un e´lectron-π vers un niveau
vibrationnel non nul de l’e´tat excite´. Puisque cette interaction avec la radiation
e´lectromagne´tique n’aﬀecte pas le spin de l’e´lectron, celui-ci occupera un e´tat ex-
cite´ aussi de caracte`re singulet, i.e. un niveau Sn. L’e´tat S1 est ge´ne´ralement celui
qui est directement accessible avec une excitation optique dans la re´gion visible du
spectre e´lectromagne´tique tandis que les e´tats singulets d’e´nergie supe´rieure, S2,
S3 etc., sont ge´ne´ralement accessibles a` l’aide d’une seconde excitation d’e´nergie
h¯ω = ES2 −ES1 qui peut, par exemple, amener un e´lectron de l’e´tat S1 a` S2. Ce
type de transition est facilement observable par spectroscopie d’absorption et ab-
sorption transitoire. L’absorption d’un photon est ainsi de´crite par le processus :
S0 + h¯ω → S1 ou` h¯ω est l’e´nergie du photon absorbe´.
Suite a` l’excitation optique, l’exciton ge´ne´re´ est ”chaud”. Ceci de´signe que l’e´lec-
tron a un exce`s d’e´nergie par rapport au minimum de la bande LUMO. Il s’en suit
alors une relaxation vibrationnelle vers le bas de la bande, un processus qui se
fait tre`s rapidement (∼ 100 fs) [40] comparativement au temps de vie radiatif de
l’exciton qui varie de quelques centaines de picosecondes a` quelques nanosecondes
de´pendamment du syste`me. La quantite´ d’e´nergie moyenne implique´e dans cette
relaxation est donne´e par : [36]
Erel = SEp. (2.11)
Dans la majorite´ des mole´cules conjugue´es, y compris le P3HT, l’e´tirement
des liens C=C avec une e´nergie de ∼ 1400 cm−1 est le principal responsable de
la re´organisation nucle´aire. Avec un facteur Huang-Rhys de l’ordre de S ≈ 1, Erel
est de l’ordre de ∼180-200 meV . Le processus de thermalisation non radiative et
ultrarapide de l’exciton vers le bas de la bande est appele´ conversion interne. Par
la suite, la ﬂuorescence se produit a` partir du niveau vibrationnel nul de l’e´tat
22
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Figure 2.4 – Transitions e´lectroniques d’une mole´cule : L’absorption d’un pho-
ton (ligne bleue) se fait entre l’e´tat fondamental S0 et un niveau vibrationnel de
l’e´tat singulet excite´ Sn. Par la suite, il y a thermalisation de l’exciton vers le bas
de la bande (ligne ondule´e mauve) et recombinaison vers un niveau vibrationnel
de l’e´tat fondamental (ligne rouge). Un e´lectron occupant un l’e´tat singulet peut
changer d’orientation de spin pour ge´ne´rer un exciton triplet par croisement inter
syste`me (ligne pointille´e horizontale). L’absorption directe vers l’e´tat triplet Tn est
non permise (ligne pointille´e verticale) et la recombinaison vers l’e´tat fondamental
donne lieu a` la phosphorescence. Les orientations du spin des e´lectrons participant
aux transitions sont montre´es dans les boˆıtes encadre´es.
excite´ vers l’e´tat fondamental, en accord avec la loi de Kasha. Cette loi empirique
est fonde´e sur la disparite´ entre l’e´chelle temporelle de la relaxation vibrationelle
(∼ fs) versus le temps de vie de l’exciton (∼ ns). Ainsi la relaxation de l’excitation
vers le bas de la bande se fait beaucoup plus rapidement que la de´sexcitation vers
l’e´tat fondamental. La mole´cule peut aussi transfe´rer de l’e´nergie a` des modes de
vibrations de fac¸on non radiative. [41]
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2.2.5 Excitons singulets et triplets
L’hamiltonien dipolaire de l’E´q.2.1 n’inﬂuence pas le spin de l’e´lectron-π par-
ticipant a` la transition e´lectronique. Ainsi, la fonction d’onde e´lectronique de la
mole´cule, φ peut alors eˆtre exprime´e comme e´tant le produit d’une fonction d’onde
purement e´lectronique, Φ, et une fonction d’onde portant l’information de spin S (a`
ne pas confondre avec le parame`tre de Huang-Rhys). Ainsi, l’E´q.2.5 peut ﬁnalement
eˆtre e´crite comme :
Ti→ f =
2π
h¯
∣∣〈Φ f |Hˆdip|Φi〉∣∣2 ∣∣〈χ f |χi〉∣∣2 ∣∣〈S f |Si〉∣∣2 ρ f δ (Ef −Ei− h¯ω). (2.12)
ou`
∣∣〈S f |Si〉∣∣2 exprime la projection de l’e´tat de spin de l’e´tat fondamental (sin-
gulet) sur l’e´tat ﬁnal. Puisque les fonctions d’ondes de spins sont orthogonales,
Ti→ f 
= 0 seulement lorsque le niveau ﬁnal est de type singulet. Pour cette raison,
les excitons triplets (spins totaux unitaires) ne peuvent eˆtre ge´ne´re´s directement
par une excitation (ligne pointille´e verticale a` la Fig.2.4). Cependant, il est pos-
sible qu’un e´lectron occupant un e´tat singulet change de spin sous l’inﬂuence d’une
interaction secondaire (ge´ne´ralement due au couplage spin-orbite, une interaction
non ne´gligeable dans les mate´riaux comportant des atomes lourds). On appelle
croisement intersyste`me cette transition non radiative entre l’e´tat singulet et tri-
plet. Les excitons triplets ainsi forme´s ont un temps de vie pouvant aller jusqu’a` la
milliseconde duˆ a` la nature interdite de leur recombinaison vers l’e´tat fondamental
singulet. Le de´calage e´nerge´tique entre les niveaux e´nerge´tiques des e´tats singulets
et triplets est donne´ par le terme d’e´nergie d’e´change.
S1−T1 = 2J =
∫ ∫
ψ∗i (r1)ψ
∗
j (r2)Ve−e(r1−r2)ψ j(r1)ψi(r2)dr1dr2. (2.13)
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ou` r1 et r2 sont la position des e´lectrons 1 et 2 et ψi, ψ j la fonction d’onde
de´crivant la position de ces e´lectrons. Ainsi le de´calage entre l’e´tat singulet et triplet
vaut deux fois l’e´nergie d’e´change e´lectronique. Puisque nous formons ainsi un
syste`me de fermions, la fonction d’onde totale du syste`me doit ne´cessairement eˆtre
syme´trique sous e´change de particules. Pour un exciton singulet dont la fonction
d’onde de spin est anti-syme´trique sous e´change de particules, la fonction d’onde
spatiale doit eˆtre syme´trique. L’inverse est vrai pour les excitons triplets. Ainsi, le
terme d’e´change a pour eﬀet d’augmenter l’e´nergie de l’e´tat singulet et rabaisser
celui de l’e´tat triplet. [42] La valeur typique de ce de´calage est d’environ 0.7 eV
dans les mate´riaux π-conjugue´s. [39, 43] Par exemple, la recombinaison d’excitons
triplets est observable dans le rra-P3HT et le rr-P3HT en solution et est caracte´rise´e
par une e´mission a` long temps de vie et de´cale´e vers le rouge comparativement a`
l’e´mission de l’exciton singulet. [44, 45]
2.3 Excitons dans des agre´gats mole´culaires
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Figure 2.5 – Illustration sche´matique du rayon de Bohr, a0, d’un exciton Wannier-
Mott et Frenkel. a de´signe le parame`tre de maille du cristal. L’exciton Wannier-
Mott est caracte´rise´ par a0 >> a contrairement a` l’exciton de Frenkel ou` a0 ∼ a.
La nature des excitons dans les mate´riaux organiques diﬀe`re largement de ceux
pre´sents dans les mate´riaux inorganiques. En eﬀet, la constante die´lectrique plus
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faible dans ces premiers empeˆche l’e´crantage partiel des paires e´lectron-trou dont
l’attraction coulombienne mutuelle engendre une e´nergie de liaison de´crite par :
Eb =
1
2
e2
4πεrε0rn
. (2.14)
avec rn = n2a0 le rayon de l’orbite de la paire e´lectron-trou, n le nombre quantique
principal et a0 le rayon de bohr excitonique. εr est la constante die´lectrique du
milieu, ε0 la permittivite´ du vide et r la distance de se´paration entre l’e´lectron et
le trou. Ainsi, le rayon de bohr est donne´ par :
a0 =
4πεrε0h¯2
μe2
,
avec μ la masse re´duite de la quasi-particule. Par exemple, dans le GaAs εr ≈ 12.8
et l’e´nergie de liaison de l’exciton dans ce syste`me est d’environ 4.2 meV et la
distance e´lectron-trou moyenne de l’ordre de 13 nm. [46] Dans la plupart des mate´-
riaux organiques, εr est ≈ 2−4. [47] Conse´quemment, le rayon de Bohr de l’exciton
”inorganique” est beaucoup plus grand que le parame`tre de maille du re´seau tan-
dis que l’exciton ”organique” est ge´ne´ralement localise´ sur un monome`re tel que
sche´matise´ a` la Fig.2.5. La relaxation structurelle due aux interactions entre les
e´lectrons et le re´seau force aussi la localisation de l’onde d’excitation. [47] On peut
alors trier les excitons en deux classes : Excitons de Wannier-Mott et excitons
de Frenkel. Ces premiers sont caracte´rise´s par une e´nergie de liaison relativement
faible (de l’ordre de ∼ 10 meV ) par rapport a` l’e´nergie thermique du syste`me, [48]
contrairement aux excitons de Frenkel qui ont une e´nergie de liaison qui peut aller
de quelques centaines de meV jusqu’a` ∼ 1 eV . [46] Il va de soi que la dissociation
des excitons Wannier-Mott est beaucoup plus eﬃcace et se fait ge´ne´ralement tre`s
rapidement a` tempe´rature pie`ce ou` kBT > Eliaison, expliquant en partie la dispa-
rite´ entre l’eﬃcacite´ de conversion e´nerge´tique entre les mate´riaux organiques et
inorganiques.
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Dans les agre´gats mole´culaires forme´s a` partir de structures supramole´culaires
compose´es de longues chaˆınes planaires, les excitons peuvent aﬃcher un comporte-
ment hybride entre celui des excitons Wannier-Mott en Frenkel. En d’autres termes,
le long de la chaˆıne, la paire e´lectron-trou peut se se´parer sur quelques unite´s mo-
nome´riques tandis que le long de l’axe de l’agre´gat, l’exciton est plutoˆt de type
Frenkel, avec une se´paration qui s’e´tale ge´ne´ralement sur la chaˆıne avoisinante la
plus pre`s. [49, 50]
2.3.1 Largeur de bande de l’exciton
La re´ponse optique d’un agre´gat mole´culaire diﬀe`re largement de celle de mo-
le´cules isole´es puisque les interactions entre mole´cules permettent la de´localisation
des excitations dans le re´seau cristallin, un phe´nome`ne qui a e´te´ constate´ par Ya-
kov Frenkel en 1931. Pour expliquer le concept d’exciton de Frenkel, supposons
un cristal line´aire compose´ de N mole´cules identiques espace´es d’une distance d.
Supposons qu’une mole´cule absorbe un photon et devient excite´e e´lectroniquement
(e´tat S1). Si l’on ne´glige les interactions intermole´culaires, la fonction d’onde de
l’agre´gat de N mole´cules est un simple produit de l’e´tat excite´ de cette mole´cule
avec les N−1 autres mole´cules dans leur e´tat fondamental. Puisque la probabilite´
d’exciter chaque mole´cule est identique, les e´nergies des e´tats du cristal ont une
de´ge´ne´rescence de N.
Dans le cas plus physique, on permet une interaction intermole´culaire (couplage
excitonique), J0, entre voisins les plus pre`s. Cette interaction le`ve ainsi la de´ge´ne´-
rescence du syste`me et permet une de´localisation de l’excitation sur toute la chaˆıne
(en ne´gligeant le de´sordre e´nerge´tique). En d’autres termes, ce paquet d’excitation
est partage´ de fac¸on cohe´rente par chaque mole´cule. Une excitation e´lectronique
localise´e sur une mole´cule i du cristal peut eˆtre de´crite de la fac¸on suivante :
|n〉= |g〉1|g〉2...|E〉n...|g〉N−1|g〉N , (2.16)
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ou` |E〉n de´signe que l’e´tat excite´ (S1) de la nime mole´cule tandis que et les N-1
autres sont dans leur e´tat fondamental, |g〉. L’e´tat total du cristal est alors une
combinaison line´aire des fonctions d’onde exprime´e a` l’E´q. (2.16) :
Ψ=
N
∑
n=1
Cn|n〉. (2.17)
Les coeﬃcients Cn sont de´termine´s en minimisant l’e´nergie 〈Ψ|Hmol|Ψ〉. En sup-
posant un espacement d e´quidistant entre les mole´cules, les conditions pe´riodiques
imposent la forme suivante a` la fonction d’onde excitonique :
Ψk =
N
∑
n=1
eiknd|n〉 (2.18)
ou` k= 0,±2π/Nd,±4π/Nd etc. Une telle onde d’excitation est appele´e exciton
de Frenkel. Lorsqu’on introduit l’interaction intermole´culaire entre voisins les plus
pre`s,
Hex = J0
N−1
∑
n=1
{|n〉〈n+1|+ |n+1〉〈n|} , (2.19)
l’hamiltonien d’interaction 2.19 agit sur Ψk et on trouve :
HΨk =∑
n
einkd
[
ε + J0(e−ikd + e+ikd)
]
|n〉
= [ε +2J0cos(kd)]Ψk
Ici, ε est l’e´nergie de la transition e´lectronique de la mole´cule isole´e et J0 le
couplage entre les mole´cules, repre´sentant le taux de transfert d’e´nergie entre deux
mole´cules adjacentes. L’interaction intermole´culaire fait alors apparaˆıtre une bande
e´nergique nomme´e largeur de bande de l’exciton libre (W ). Cette largeur de bande
vaut,W = 4J0, et de´crit la diﬀe´rence e´nerge´tique entre le haut et le bas de la bande
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Figure 2.6 – Sche´matisation de l’eﬀet du couplage intermole´culaire sur les niveaux
e´nerge´tiques du cristal mole´culaire. Le couplage excitonique, J0, entre les mole´-
cules avoisinantes le`ve la de´ge´ne´rescence des niveaux d’e´nergie d’un cristal sans
interaction, cre´ant une bande de largeur W = 4J0.
excitonique tel que sche´matise´ a` la Fig.2.6. W est la largeur de bande purement
e´lectronique lorsqu’on ne´glige le couplage aux modes de vibrations.
2.4 Interactions dans les agre´gats mole´culaires
Les mate´riaux qui sont au coeur des dispositifs optoe´lectroniques mentionne´s a`
la section 1.1 sont largement plus complexes que de simples mole´cules isole´es. En
eﬀet, ces amas de mole´cules lie´es par des forces de van der Waals faibles forment
des structures supramole´culaires complexes (agre´gats mole´culaires) dans lesquels
l’orientation des mole´cules les unes par rapport aux autres joue un roˆle pre´ponde´-
rant sur les proprie´te´s optiques.
2.4.1 Interactions dipoˆle-dipoˆle : Agre´gats de type H et J
D’un point de vue purement e´lectronique, l’impact de l’agre´gation de mole´-
cules sur la re´ponse optique d’un syste`me a e´te´ de´termine´ en grande partie par
Kasha. [51] En eﬀet, dans les agre´gats mole´culaires, le couplage J0 de l’E´q.2.19 est
une interaction e´lectronique re´sonante de type coulombienne (dipoˆle-dipoˆle). La
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Figure 2.7 – Eﬀet de l’interaction dipoˆle-dipoˆle sur les niveaux e´nerge´tiques d’un
dime`re. Pour une orientation cofaciale des dipoˆles, l’e´nergie de l’e´tat S1 est sure´leve´e
lorsque les dipoˆles pointent dans la meˆme direction. Pour une orientation teˆte-a`-
queue, l’e´tat S1 se situe a` plus basse e´nergie et pour une orientation ale´atoire, les
deux transitions permises correspondent a` la projection du dipoˆle sur les deux axes
x et y.
force de ce couplage a un impact profond sur la de´localisation et le transport des
excitons dans le mate´riau [7, 52] et modiﬁe substantiellement l’e´nergie des e´tats
e´lectroniques du cristal. Prenons le cas simpliﬁe´ de deux dipoˆles ponctuels dont
l’interaction est donne´e par l’expression :
Jdip-dip =
Mu ·Mv
r3
− 3(Mu · r)(Mv · r)
r5
, (2.20)
avec Mu et Mv, le moment de transition dipolaire de deux mole´cules, u et v. Sous
cette forme, r repre´sente la position vectorielle du dipoˆle de la mole´cule v en re´fe´-
rence a` celui de la mole´cule u. Pour une orientation ale´atoire des dipoˆles, Jdip-dip
prends la valeur de l’E´q.2.20. Puisque le moment de transition du dime`re est donne´
par :
M± =
1√
2
(Mu±Mv), (2.21)
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M± sera non nul seulement lorsque les moments de transition de dipoˆles individuels
pointent dans la meˆme direction. Lorsque deux mole´cules sont positionne´es face a`
face tel que sche´matise´ a` la Fig.2.7(b) (θ = 90◦), les produit Mu ·r et Mv ·r sont nuls
et Jdip-dip =
Mu·Mv
r3 >0. Dans ce cas, l’e´nergie de l’e´tat S1 est plus e´leve´e que celle de
la mole´cule isole´e et correspond au cas ou` les dipoˆles sont oriente´s paralle`lement
(E
′′
). Lorsque θ = 0◦, tel que sche´matise´ a` la Fig.2.7(c), Jdip-dip = −2Mu·Mvr3 <0 et
le niveau S1 est situe´ a` plus basse e´nergie que dans le cas de la mole´cule isole´e et
correspond a` une orientation teˆte-a`-queue des dipoˆles (E
′
).
La grandeur de |J0| dicte le taux de transfert d’e´nergie re´sonante entre mole´cules
et est beaucoup plus faible pour les polyme`res que pour les oligome`res. [15, 53–
55]. Ceci de´coule du fait que les chaˆınes plus longues permettent le conﬁnement
de la fonction d’onde excitonique sur deux segments se´pare´s de deux chaˆınes en
interaction. Lorsque |J0| est plus petit que l’e´nergie des phonons du syste`me (ce
qui est ge´ne´ralement le cas pour les polyme`res), nous sommes dans un re´gime de
couplage excitonique faible ou de fac¸on e´quivalente, dans un re´gime de couplage fort
entre les e´lectrons et phonons. [56] Bien que l’expression 2.20 n’est ge´ne´ralement
pas valide lorsque la taille de la mole´cule de´passe la distance intermole´culaire (ce
qui est le cas pour les polyme`res), le comportement de |J0| sur les niveaux d’e´nergies
de la mole´cule est le meˆme. Dans ces cas, des approximations plus de´taille´es, tel
que celles de dipoˆles line´aires peuvent eˆtre utilise´es. [57, 58]
2.4.2 Proprie´te´s optiques des agre´gats de types H et J
La courbure de la relation de dispersion des excitons dans les agre´gats de po-
lyme`res de´pend largement de la conformation des mole´cules et de la force de leur
interaction. Au panneau gauche de la Fig.2.8, on remarque que la courbure de E(k)
pour les agre´gats J comportant N mole´cules agence´es en conformation teˆte-a`-queue
est ne´gative et montre un minimum au bas de la bande, correspondant aux excitons
dont k = 0. Ceci de´coule du fait que E(k) est minimal lorsque les N moments de
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Figure 2.8 – Orientation mole´culaire et relation de dispersion dans les agre´gats H,
J et HJ. Dans les agre´gats J, le couplage excitonique J0 est ne´gatif et engendre une
courbure ne´gative de la relation de dispersion. L’exciton k=0 se trouve alors au
bas de la bande et la recombinaison se fait vers les niveaux vibroniques de l’e´tat
fondamental. Dans les agre´gats-H, J0 > 0 et l’exciton sombre (k = 0) se trouve au
haut de la bande. Ceci empeˆche la recombinaison vers l’e´tat vibronique nul de
l’e´tat fondamental. Dans les agre´gats H-J, la bande de l’agre´gat-J est se´pare´e duˆ
au couplage intermole´culaire. De fac¸on similaire aux agre´gats-H, la transition 0-0
est seulement active´e thermiquement ou par le de´sordre e´nerge´tique. (Image tire´e
de la Re´f. [50])
transition dipolaire sont parfaitement aligne´s et la fonction d’onde de l’exciton 2.18
ne comporte aucun noeud. L’e´tat a` partir duquel l’exciton est e´mis, |em〉 correspond
a` k= 0 et l’e´mission peut se faire vers tous les niveaux vibrationels de l’e´tat fonda-
mental. Pour les agre´gats-H, la courbure de la relation de dispersion est inverse´e.
Ceci de´coule du fait que k = 0 correspond au cas ou` les N moments de transition
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dipolaire cofaciaux pointent dans la meˆme direction, donnant une conformation
e´nerge´tiquement plus e´leve´e comparativement au cas ou les N moments alternent
de mole´cule en mole´cule (k = π).
Tel que de´crit a` la section 2.5, seule les excitons dont la fonction d’onde pre´sente´e
a` l’E´q.2.18 ne comporte pas de noeuds (k = 0) peuvent eˆtre excite´s optiquement a`
partir de l’e´tat fondamental. Dans les agre´gats de type J, l’exciton k = 0 re´side au
bas de la bande alors que l’exciton sombre (k= π) dont la fonction d’onde comporte
N − 1 noeuds re´side au sommet de la bande (cf. Fig.2.8). Dans les agre´gats-H,
le comportement est inverse´. Ceci a une conse´quence fondamentale sur la forme
spectrale de la photoluminescence des excitons dans les agre´gats-H : En absence
de de´sordre e´nerge´tique, la transition 0–0 en photoluminescence est non permise.
Ce re´sultat de´coule du fait que la phase de l’e´tat de plus basse e´nergie duquel
l’exciton est e´mis, |em〉, alterne de mole´cule en mole´cule. Pour cette raison, les
mole´cules formant des agre´gats-H ont un taux d’eﬃcacite´ de photoluminescence
beaucoup plus faible que les agre´gats-J, faisant d’eux de meilleurs candidats pour
les dispositifs photovolta¨ıques.
L’observation des spectres d’absorption et de photoluminescence des agre´gats
H et J de´montre les comportements suivants :
1. Dans les agre´gats-H, le ratio entre l’intensite´ des deux premiers pics en absorp-
tion, A0−0/A0−1, de´croˆıt lorsque le couplage intermole´culaire augmente (W
augmente), un phe´nome`ne lie´ au me´lange entre les bandes excitoniques. En
photoluminescence, le ratio entre les deux premiers pics, I0−0PL /I
0−1
PL , croˆıt avec
le de´sordre e´nerge´tique (structurel) et une augmentation de la tempe´rature.
L’eﬀet du de´sordre est de briser la symme´trie du syste`me et conse´quemment
re´duire la longueur de cohe´rence de l’exciton.
2. Dans les agre´gats-J, le ratio entre l’intensite´ des deux premiers pics en ab-
sorption croˆıt lorsque le couplage intermole´culaire augmente (W augmente).
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En photoluminescence, le ratio entre les deux premiers pics de´croˆıt avec le
de´sordre e´nerge´tique et une augmentation de la tempe´rature. De fac¸on simi-
laire aux agre´gats-H, le de´sordre e´nerge´tique engendre une re´duction de la
longueur de cohe´rence de l’exciton et conse´quemment une baisse de l’inten-
site´ 0-0 dont la force d’oscillateur est proportionelle au nombre de mole´cules
connecte´es de fac¸on cohe´rente.
Ces signatures spectrales explicites permettent alors d’obtenir une compre´hen-
sion sur la nature des excitons dans les agre´gats mole´culaires en faisant une e´tude
exhaustive de la forme spectrale de l’absorption et photoluminescence.
2.4.3 Comportement hybride des agre´gats HJ
Les interactions le long de la chaˆıne d’un polyme`re isole´ lui confe`rent un compor-
tement de type agre´gats-J. Dans le cas ou` l’on obtient un agencement cofacial des
chaˆınes de polyme`re, l’exciton est de´localise´ non seulement le long de la chaˆıne, mais
aussi dans la direction de l’empilement. Conse´quemment, la courbure de la relation
de dispersion suit la forme aﬃche´e a` la Fig.2.8(c), i.e typique d’un agre´gat-J avec
un de´calage lie´ aux interactions interchaˆınes. De fac¸on similaire aux agre´gats-H, la
transition vers l’e´tat fondamental est interdite a` T=0K et sans de´sordre e´nerge´-
tique. [50, 59] Ainsi, la photophysique de ce type de mate´riau de´pend largement de
la compe´tition entre le couplage intrachaˆıne, permettant a` l’exciton de ”surfer” le
long du squelette de la mole´cule et le couplage interchaˆıne, a` travers l’espace entre
les chaˆınes agence´es cofacialement.
2.5 Introduction aux excitons polaroniques
Les polyme`res sont plus de´formables que leurs confre`res inorganiques et les eﬀets
relie´s a` la relaxation structurelle d’une mole´cule suite a` une excitation, notamment
le re´arrangement des noyaux, force la localisation de l’exciton. Ainsi, l’exciton de
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Figure 2.9 – Illustration sche´matique de la distorsion d’un cristal suite a` une excita-
tion de Frenkel polaronique. Telle une boule de quilles de´formant les ressorts d’un
matelas, l’exciton polaronique engendre une distorsion des mole´cules avoisantes.
Sche´ma tire´ de la Re´f. [56].
Frenkel dans les mate´riaux π-conjugue´s est aussi appele´ exciton polaronique. Il peut
eˆtre vu comme le produit d’une mole´cule centrale i excite´e (S1) sur une chaˆıne de po-
lyme`re accompagne´e de mole´cules avoisinantes excite´es vibrationellement, mais pas
e´lectroniquement. Ce caracte`re provient du couplage signiﬁcatif entre les modes de
vibrations intramole´culaires et l’excitation e´lectronique. Les mole´cules avoisinantes
du centre de masse de l’exciton subissent alors une de´formation ge´ome´trique en
conse´quence de la re´ponse de la mole´cule a` cette excitation primaire. Le produit
ﬁnal est une excitation entoure´e d’un champ vibrationel avec une e´tendue spatiale
qui de´pend notamment de la structure du cristal et du de´sordre e´nerge´tique.
Sche´matise´ a` la Fig.2.9, cet exciton ”vibronique” est analogue a` une boule de
quilles circulant sur un matelas a` ressorts. Cette dernie`re comprime les ressorts
localement, mais aussi ceux qui sont adjacents au centre de masse. Simplement,
dans les mate´riaux conjugue´s, les mole´cules subissent une e´longation plutoˆt qu’une
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Figure 2.10 – Exemple d’excitations fondamentales dans les structures supramole´-
culaires. L’e´tat de l’excitation vibronique a` 1 particule est note´ |n, ν˜ = 1〉 et l’exci-
tation d’une paire vibronique/vibrationelle est note´e |n, ν˜ = 1;n+1,ν = 2〉. Image
base´e sur la ﬁg.3 de la re´f. [60].
compression. Un formalisme rigoureux doit tenir compte de ce phe´nome`ne de de´-
formation vibrationelle du re´seau entourant l’excitation vibronique pour expliquer
les proprie´te´s optiques de plusieurs mate´riaux π-conjugue´s. La fonction d’onde des
excitons de Frenkel polaroniques peut eˆtre de´crite the´oriquement a` l’aide d’une
base a` multi particules, ge´ne´ralement tronque´e a` 2 particules. La Fig.2.10 sche´ma-
tise ces excitations. Chaque chromophore de l’agre´gat (segment de polyme`re) est
de´ﬁni comme e´tant un syste`me e´lectronique comportant deux niveaux : S0 et S1.
L’excitation a` 1 particule, |n, ν˜〉 de´signe un chromophore excite´ (vibroniquement et
vibrationellement) a` un site n donne´ avec ν˜ quanta de vibration dans l’e´tat excite´
alors que toutes les autres mole´cules sont dans leur e´tat fondamental et non excite´es
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vibrationellement (ν = 0).
Une paire vibronique/vibrationelle est un e´tat a` 2 particules de´signe´ |n, ν˜ ;n′,ν ′〉.
Ainsi, en plus d’avoir une excitation vibronique sur un site n, cet e´tat comprend
aussi une excitation vibrationelle au site n′ qui contient ν ′ quanta de vibration
dans le potentiel nucle´aire de l’e´tat fondamental. Dans cette base a` multi particules
introduite par Philpott [61], le ie`me e´tat propre de l’hamiltonien de l’agre´gat est
exprime´ comme un de´veloppement des e´tats a` 1 et 2 particules :
|ψ(i)〉=∑
n,ν˜
C(i)n,ν˜ |n, ν˜〉+∑
n,ν˜
∑
n′,ν ′
C(i)n,ν˜ ;n′,ν ′ |n, ν˜ ;n′,ν ′〉 (2.22)
Sans la contribution du deuxie`me terme de l’E´q.2.22, la fonction d’onde aurait
la forme de l’e´q.2.18. La re´ponse des excitations de´crites par cette e´quation suit
alors les proprie´te´s suivantes :
• Seuls les e´tats a` 1 particule sont optiquement atteignables via l’e´tat fonda-
mental ou` ν = 0. Ils sont alors responsables de l’e´mission 0–0.
• Les e´tats a` 1 et 2 particules peuvent se coupler radiativement a` l’e´tat fon-
damental ou` ν 
= 0. Ils sont alors tous deux responsables de l’e´mission des
re´pliques vibroniques (0–1,0–2 etc.)
• En absence de de´sordre e´nerge´tique, seuls les excitons dont la fonction d’onde
ne comporte pas de noeuds (k = 0) sont accessibles a` partir de l’e´tat fonda-
mental ou` ν = 0 de fac¸on consistante avec la re`gle de transition : Δk=0.
Les coeﬃcients C(i)n,ν˜ , C
(i)
n,ν˜ ;n′,ν ′ de l’E´q.2.22 peuvent eˆtre e´value´s en diagonalisant
l’hamiltonien de la chaˆıne dont la forme de´pend du syste`me et des approximations
utilise´es. L’hamiltonien d’interaction excitonique entre les chaˆınes avoisinantes
Hex = J0
N−1
∑
n=1
{ |n〉〈n+1|+ |n+1〉〈n| } , (2.23)
37
sert a` coupler les e´tats a` 1 particule, permettant par le fait meˆme le transfert
d’e´nergie re´sonant entre diﬀe´rentes mole´cules. Ce couplage est donne´ par l’e´le´ment :
〈n, ν˜ |Hex|m, ν˜ ′ 〉= J0 fν˜ ,0 fν˜ ′ ,0δm,n±1, (2.24)
ou` l’inte´grale de chevauchement des fonctions d’onde vibrationelles fν˜ ,0 est don-
ne´e par l’E´q.2.7 . Hex sert aussi a` coupler les e´tats a` 2 particules et ceux a` 1 et 2
particules via l’e´le´ment :
〈m, ν˜ |Hex|n, ν˜ ′;n′ ,ν ′ 〉= J0 fν˜ ,ν ′ fν˜ ′ ,0δm,n′δn′ ,n±1. (2.25)
Conse´quemment, les e´tats a` 2 particules empruntent une partie de la force
d’oscillateur associe´e aux e´tats a` 1 particule. En absence de de´sordre e´nerge´tique,
les e´tats de´crits par l’E´q.2.22 sont de´localise´s dans tout le cristal. En pratique, le
de´sordre e´nerge´tique diagonal qui est reﬂe´te´ par une ﬂuctuation des e´nergies des
sites de la mole´cule sert a` localiser l’excitation vibrationelle et a` re´duire la cohe´-
rence de l’exciton. [60] The´oriquement, ce de´sordre e´nerge´tique est de´crit par une
distribution gaussienne d’e´nergie des bandes HOMO et LUMO dont la de´viation
standard peut avoisiner les 50-100 meV. [22, 62] Ce formalisme est ne´cessaire pour
de´crire l’e´tendue spatiale de la fonction d’onde de l’exciton vibrationel et est un
concept cle´ pour de´crire la relation entre les proprie´te´s optiques et la microstructure
des mate´riaux formant des arrangements supramole´culaires.
2.6 Excitations intrachaˆıne
Les excitons ge´ne´re´s en re´ponse a` une excitation optique peuvent eˆtre de´loca-
lise´es le long de la chaˆıne via deux me´canismes : premie`rement, via le me´canisme
d’interaction dipoˆle-dipoˆle a` travers l’espace tel que de´crit a` l’e´q.2.20. Deuxie`me-
ment, les excitons sont susceptibles a` un me´canisme de supere´change. L’origine
de ce me´canisme a` deux e´tapes re´side dans la ﬂuctuation virtuelle de l’exciton de
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Frenkel localise´ sur un monome`re en un exciton a` transfert de charge localise´ sur
deux monome`res adjacents et ﬁnalement un exciton de Frenkel sur le second mono-
me`re. La force de cette interaction peut eˆtre de´rive´e en the´orie des perturbations
du deuxie`me ordre et varie comme : [63]
JSE ∝−t(φ)
2
ΔE
, (2.26)
ou` t(φ)2 est l’inte´grale de transfert proportionnel a` l’encheveˆtrement des orbitales-
π des monome`res adjacents sur une chaˆıne et ΔE est la diﬀe´rence d’e´nergie entre
l’exciton de Frenkel et l’exciton a` transfert de charge. Pour deux monome`res orien-
te´s a` 90 ◦ l’un par rapport a` l’autre, il y a un bris de conjugaison des orbitales
π et t(φ) est nul. Le signe ne´gatif de l’e´q.2.26 confe`re alors un comportement de
type agre´gat-J aux chaˆınes de polyme`res isole´es. [63] Lorsqu’on inclut le couplage
intermole´culaire entre les chaˆınes avoisinantes, la forme spectrale en photolumi-
nescence re´ve`le alors que la cohe´rence de l’exciton est bidimensionnelle, le´ge`rement
anisotrope le long de la chaˆıne et le long de l’axe de l’agre´gat et porte une signature
typique de la microstructure que lui confe`re le poids mole´culaire des chaˆınes. [64]
2.7 Les paires de polarons
Les paires de polarons sont les espe`ces interme´diaires entre l’exciton de Frenkel
et les e´lectrons et trous inde´pendants. En ce sens, ils ont une e´nergie de liaison plus
faible que l’exciton de Frenkel et leur pre´sence est de´tectable par des me´thodes
de type pompe-sonde (de´tection directe) ou encore photoluminescence (de´tection
indirecte, lorsqu’ils reforment des excitons). Puisqu’il n’y a pas de recouvrement
entre la fonction d’onde de l’e´lectron et du trou qui forme cette paire, ces espe`ces
peuplent des e´tats sombres et leur recombinaison vers l’e´tat fondamental ne peut
se faire directement. La recombinaison des paires de polarons compe´titionne alors
avec leur se´paration en e´lectron et trou inde´pendants.

CHAPITRE 3
TWO-DIMENSIONAL SPATIAL COHERENCE OF EXCITONS IN
SEMICRYSTALLINE POLYMERIC SEMICONDUCTORS : EFFECT
OF MOLECULAR WEIGHT
3.1 Contexte de l’article
Le pre´sent article traite de la nature intrinse`que des excitons cre´e´s dans des
ﬁlms de P3HT et sert a` faire le pont entre la the´orie qui permet de de´duire le roˆle
des interactions dans les agre´gats (H-J) mole´culaires a` partir de la forme spectrale
en absorption et photoluminescence observe´e expe´rimentalement. On s’inte´resse
principalement a` la cohe´rence de l’exciton, ou plus spe´ciﬁquement la longueur de
cohe´rence de´ﬁnissant l’e´tendue spatiale de la fonction d’onde de l’exciton vibronique
dont la forme est donne´e a` l’E´q.2.22. Dans un cristal sans de´sordre e´nerge´tique
et sans couplage aux modes de vibrations, la longueur de cohe´rence de l’exciton
s’e´tend sur tout le cristal et est limite´e par la taille des mole´cules. En re´alite´,
le de´sordre e´nerge´tique et le couplage aux modes de vibrations intramole´culaires
forcent la localisation de l’exciton, [65, 66] un comportement qui compe´titionne
avec la nature de´localisatrice du couplage intermole´culaire.
La photophysique des polyme`res conjugue´s formant des agre´gats mole´culaires
rele`ve ge´ne´ralement d’une compe´tition entre les interactions intrachaˆıne qui donnent
un comportement de type agre´gat-J et interchaˆıne, qui leur confe`re un comporte-
ment de type agre´gat-H. Dans plusieurs syste`mes, l’une de ces interactions do-
mine sur l’autre. Par exemple, un cas spe´ciﬁque d’agre´gat-J est celui de cristaux
parfait de polydiacetylene (PDA). En eﬀet, dans ce mate´riau formant de longs
agre´gats-J unidimensionnels, il a e´te´ observe´ une cohe´rence spatiale macroscopique
et unidimensionnelle de l’ordre de quelques microme`tres, limite´e par la longueur des
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chaˆınes. [67]. Cette observation a e´te´ re´alise´e en regardant l’interfe´rence entre l’e´mis-
sion de l’e´tat excitonique k= 0 pour deux segments de chaˆınes espace´s spatialement.
Cette cohe´rence macroscopique peut donner lieu a` de la superradiance, [68, 69] un
phe´nome`ne exploitable dans les lasers organiques. Dans certains mate´riaux, les
interactions inter/intrachaˆıne sont du meˆme ordre de grandeur, engendrant ainsi
un comportement hybride de type agre´gat-HJ. La photophysique du P3HT est
ge´ne´ralement de´crite selon un formalisme d’agre´gats-H avec un hamiltonien de
type Holstein qui tient compte du couplage e´lectron-phonons et du couplage ex-
citonique re´sultant de l’interaction cofaciale entre les chaˆınes de polyme`res dans
l’empilement-π. [62] Ce mode`le d’agre´gat-H est un mode`le unidimensionnel, i.e on
ne´glige totalement les interactions intrachaˆınes et chaque segment de polyme`re dans
l’empilement-π est traite´ comme un chromophore unique qui est couple´ aux voisins
le plus pre`s par un terme de couplage excitonique. Bien que ce mode`le unidimen-
sionnel permette de distinguer certaines subtilite´s des proprie´te´s optiques dans la
majorite´ des ﬁlms de P3HT e´tant donne´ les faibles poids mole´culaires commer-
cialement accessibles et les traitements standards avec des solvants a` faible point
d’e´bullition par enduction centrifuge, de re´cents travaux de´montrent que le P3HT
peut aussi former de longues nanoﬁbres qui lui confe`re des proprie´te´s optiques qui
ressemfblent largement a` celles des agre´gats-J. [70] Nous avons aussi dernie`rement
observe´ ce comportement dans un complexe de P3HT :PEO. Un re´sultat impor-
tant de nos travaux est que l’addition de PEO aﬀecte positivement le degre´ de
planarisation des chaˆınes de P3HT de haut poids mole´culaire, ce qui donne lieu a`
une signature d’absorption typique aux agre´gats-J. [71] Dans ces cas spe´ciﬁques,
la force d’oscillateur de la transition 0–0 en absorption et photoluminescence est
supe´rieure a` celle des re´pliques vibroniques et l’e´mission est de´cale´e vers le rouge.
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3.1.1 Sonde spectroscopique ultrarapide et en continu
Plusieurs techniques s’oﬀrent a` nous pour sonder la dynamique des e´tats excite´s
sur de courtes et longues e´chelles temporelles. Ici, nous nous inte´ressons aux courtes
e´chelles de temps (quelques picosecondes) puisque c’est sur cette e´chelle de temps
qu’on peut observer l’inﬂuence de la re´orientation ge´ome´trique qui tend a` rendre
les chaˆınes plus planaires suite a` une excitation optique ainsi que la relaxation
torsionnelle qui s’en suit. [72] Puisque le de´sordre e´nerge´tique responsable de la
localisation de l’exciton provient majoritairement du degre´ de torsion des chaˆınes,
nous utilisons une technique de photoluminescence par somme de fre´quence pour
sonder l’e´volution de la transition 0-0 qui est sensible a` la cohe´rence de l’exciton
et au de´sordre e´nerge´tique. Cette technique consiste a` se´parer une impulsion ultra-
rapide (∼ 150 fs) en deux impulsions. L’une sert a` exciter l’e´chantillon tandis que
l’autre est une impulsion servant d’interrogation du syste`me. La photoluminescence
e´mise par l’e´chantillon est alors envoye´e sur un cristal de be´ta borate de baryum
(BBO). Il en est de meˆme pour l’impulsion d’interrogation dont le de´lai d’arrive´e
peut eˆtre balaye´. On de´tecte alors les photons re´e´mis a` la sortie du cristal, a` la
somme de fre´quence entre celle de la PL et celle de la seconde impulsion. Cette
technique permet alors d’obtenir une re´solution temporelle de l’ordre de la cen-
taine de fs. La ne´cessite´ d’une telle re´solution est cruciale puisque la re´organisation
ge´ome´trique des chaˆınes de polyme`re, suite a` une excitation, se fait tre`s rapidement
(∼ 10 ps). [72]
Lorsqu’on excite le polyme`re a` l’aide d’un laser continu (mais module´ a` basse
fre´quence par un hacheur me´canique), nous sondons principalement l’e´mission des
excitons de plus basse e´nergie, a` leur e´tat de quasi-e´quilibre. Ces derniers pro-
viennent des domaines de P3HT cristallins et leur recombinaison radiative porte
une signature caracte´ristique de la morphologie des agre´gats. Nous utilisons cette
me´thode spectroscopique pour quantiﬁer la cohe´rence des excitons de plus basse
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e´nergie tandis que les sondes optiques ultrarapides nous permettent de quantiﬁer
le degre´ de de´sordre torsionnel inhe´rent des chaˆınes.
3.2 Contribution originale de chaque coauteurs
Francis Paquin a initie´ les travaux de cette article via les mesures de photo-
luminescence a` basse tempe´rature. Les spectres de photoluminescence par somme
de fre´quence ont e´te´ pris par Luke X. Reynolds et Francis Paquin. L’analyse des
mesures expe´rimentales a e´te´ faite par Francis Paquin. Les mesures de DSC ont
gracieusement e´te´ fournies par Natalie Stingelin. Le calcul du parame`tre Huang-
Rhys a e´te´ fait par Nicolas Be´rube´. Le mode`le d’agre´gat-H a entie`rement e´te´ pris en
compte par Hajime Yagamata, Nocholas J. Hestand et Frank C. Spano. La partie
expe´rimentale du manuscript a e´te´ e´crite par Carlos Silva et Francis Paquin tandis
que la section the´orique provient de Hajime Yamagata, Nicholas Hestand et Frank
C. Spano. Tous les auteurs ont apporte´s leurs commentaires avant la version ﬁnale.
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3.3 Abstract
The electronic properties of macromolecular semiconductor thin ﬁlms depend
profoundly on their solid-state microstructure, which in turn is governed, among
other things, by the processing conditions selected and the polymer’s chemical na-
ture and molecular weight. Speciﬁcally, low-molecular-weight materials form crys-
talline domains of cofacially π-stacked molecules, while the usually entangled na-
ture of higher molecular-weight polymers leads to microstructures comprised of
molecularly ordered crystallites interconnected by amorphous regions. Here, we
examine the interplay between extended exciton states delocalized along the po-
lymer backbones and across polymer chains within the π-stack, depending on the
structural development with molecular weight. Such two-dimensional excitations
can be considered as Frenkel excitons in the limit of weak intersite coupling. We
combine optical spectroscopies, thermal probes, and theoretical modeling, focusing
on neat poly(3-hexylthiophene) (P3HT) - one of the most extensively studied po-
lymer semiconductors - of weight-average molecular weight (Mw ) of 3-450 kg/mol.
In thin-ﬁlm structures of high-molecular-weight materials (Mw > 50 kg/mol), a ba-
lance of intramolecular and intermolecular excitonic coupling results in high exciton
coherence lengths along chains (∼4.5 thiophene units), with interchain coherence
limited to ∼ 2 chains. In contrast, for structures of low-Mw P3HT (<40 kg/mol),
the interchain exciton coherence is dominant (∼ 30% higher than in architectures
formed by high-molecular-weight materials). In addition, the spatial coherence wi-
thin the chain is signiﬁcantly reduced (by nearly 25%). These observations give
valuable structural information ; they suggest that the macromolecules in aggre-
gated regions of high-molecular-weight P3HT adopt a more planar conformation
compared to low-molecular-weight materials. This results in the observed increase
in intrachain exciton coherence. In contrast, shorter chains seem to lead to torsio-
nally more disordered architectures. A rigorous, fundamental description of primary
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photoexcitations in π-conjugated polymers is hence developed : two-dimensional
excitons are deﬁned by the chain-length dependent molecular arrangement and
interconnectivity of the conjugated macromolecules, leading to interplay between
intramolecular and intermolecular spatial coherence.
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3.4 Introduction
’Plastic’ semiconductors are often regarded as complex systems as the conju-
gated macromolecules they are made of can adopt diﬀerent arrangements and pa-
cking, leading to a diverse range of microstructures. These deﬁne their electronic
properties. For instance, the chain conformation of conjugated polymers and the
resulting microstructure has been shown to have a profound impact on the nature
of intra- and interchain dispersion of π-electrons. [16, 18, 62, 73–79] Therefore, it
is essential to learn how to manipulate these structural features. One option is to
select materials of diﬀerent molecular weight. From a perspective of classical po-
lymer science, it is well established that polymers of low weight-average molecular
weight (Mw ) form unconnected, extended-chain crystals, usually of a paraﬃnic-
like arrangement. Due to the non-entangled nature of these relatively short-chain
macromolecules, this leads to a polycrystalline, one-phase morphology. In contrast,
with high-Mw materials of molecular weight larger than the molecular weight bet-
ween entanglements (Me), typically two-phase morphologies are obtained, which
are comprised of crystalline moieties embedded in largely unordered (amorphous)
regions, whereby individual macromolecules bridge multiple domains of order. [80]
Perhaps the central objective and challenge in the broad ﬁeld of plastic elec-
tronics is to relate the electronic properties to the molecular order and thin-ﬁlm
architectures of the constituting materials ; hence, signiﬁcant research eﬀorts have
been devoted to that endeavor. Regioregular poly(3-hexylthiophene) (P3HT) has
emerged as a model material to investigate the relationship between macromole-
cular conﬁguration, microstructure and electronic properties. For example, charge
transport in P3HT has been found to display clear trends with molecular weight
and whether the ﬁlm displays one-phase (polycrystalline) or two-phase (entangled)
morphologies. In ﬁeld-eﬀect transistors, Kline et al. observed a systematic increase
in ﬁeld-eﬀect mobilities up to a weight-average molecular weight of 40 kg/mol ; [81–
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83] in agreement with reports by Zhang et al. [30] and Koch et al. [19] On the other
hand, bulk mobilities display more complex trends with molecular weight, and de-
pend sensitively on ﬁlm processing routes. Ballantyne et al. found, for instance,
an order-of-magnitude decrease in bulk charge mobilities for P3HT of molecular
weight Mw >18 kg/mol. [84] Koch et al. reported maximum bulk mobilities for
P3HT of Mw ∼ 4 kg/mol. For materials of higher molecular weight, the time-
of-ﬂight mobility was found to be again reduced, leveling at a value of ∼ 10− 4
cm2V−1s−1. [19] However, when ﬁlms were cast at 115 ◦C , the mobility increased
by over an order of magnitude for materials of Mw <10 kg/mol, and decreased by
over two orders of magnitude for P3HT of Mw ≈60 kg/mol. [19]
In this contribution, we focus on the nature of excitons in regioregular P3HT
with molecular weights ranging from 3-450 kg/mol, where the microstructure changes
from chain-extended crystals to a semicrystalline morphology where amorphous and
crystalline domains are interconnected. [17, 79] This structural transition occurs at
a molecular weight of around 25 to 35 kg/mol. [17, 79] Our strategy is to exploit the
intricate inﬂuence of electronic structure and spatially correlated energetic disorder
on the spectral line shapes in order to extract the microstructure-dependent infor-
mation on exciton coherence. [56, 60, 85–88] More speciﬁcally, our objective is to
explore how the exciton coherence lengths, measured along the polymer backbone
and across the π-stack, vary with molecular weight and, in particular, with the
structural change occurring above the entanglement limit. (The third dimension,
which is directed along the lamellar axis, is neglected, as excitonic interactions are
negligible between the well-separated π-stacks.) Although exciton coherence lengths
have been deﬁned in various ways, [56, 60, 86–88] we adapt the deﬁnition from
Ref. [60] and generalize it to two dimensions. In short, we seek the two-dimensional
exciton coherence function as a function of polymer structure.
Conjugated polymers are structurally complex and can, among other things,
feature torsional disorder along the backbone, which translates into site energy
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disorder. Furthermore, the π-electron coupling leading to electronic dispersion is
highly anisotropic ; dispersion along the chain is present due to intramolecular cou-
pling between adjacent monomer motifs, but interchain coupling also clearly plays
a role, leading to two-dimensional dispersion. [7, 52] As a consequence, neutral exci-
tations (containing an electron and hole) in this class of materials can be considered
to be in the Frenkel limit with respect to interchain interactions, highly localized to
a few lattice sites across the lamellar lattice, spanning ∼1 nm, and highly inﬂuenced
by energetic disorder. [60]
Spano has previously described excitons in regioregular P3HT by invoking a
weakly coupled H-aggregate model, in which weak excitonic coupling (compared
to molecular reorganization energies) between neighboring polymer chains within
the π-stack leads to electronic dispersion of the vibronic molecular levels to form
vibronic bands, with the bandwidth strongly dependent on microstructure. [66, 89]
However, the importance of intra-chain coupling on optical spectral signatures has
become evident by a recent report of J-aggregate like behavior in P3HT nano-
ﬁbres [73] and in a P3HT :PEO complex [71] in which head-to-tail interactions
of transition dipole moments of chromophores along the chain inﬂuence spectral
line shapes. The limiting case of through-bond, intrachain excitonic coupling leads
to what can be considered as Wannier-Mott-type excitons in one-dimensional lat-
tices. [36, 90] In such excitons, the electron and hole are bound over several unit
cells. A compelling example of this limit is provided by isolated, extended chains of
red-phase polydiacetylene derivatives, [90] which show ultra narrow photolumines-
cence linewidths and superradiance [67, 91, 92] characteristic of J-aggregates at low
temperature. [49] The work by Niles et al. [73] demonstrates that in regioregular
P3HT ﬁlms, there is a competition between J-like (intrachain) and H-like (inter-
chain) excitonic coupling. [59] This interplay between through-bond and through-
space excitonic coupling of adjacent chromophores must be strongly inﬂuenced by
energetic disorder and hence the macromolecular conformation and packing in the
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solid state.
In what follows, we combine steady-state and time-resolved optical spectroscopy,
thermal analysis and theoretical modeling based on an eﬀective Frenkel exciton Ha-
miltonian introduced in Ref. [59] in order to unravel the interplay between through-
bond excitonic coupling within polymer chains, and Coulombic coupling between
adjacent chains within a π-stack. Thus far, the result of such intrachain/interchain
exciton coupling has been analyzed theoretically for the case of ordered aggre-
gates with a thermal Boltzmann distribution of emitting excitons. [59] In this work
we ﬁnd that the inﬂuence of intrachain vs interchain coupling on the photophy-
sical response is strongly dependent on the microstructure imposed by processing
and materials parameters such as molecular weight. In order to interpret such ef-
fects theoretically we extend the analysis of Ref. [59] to the case of disordered
aggregates. In the low molecular-weight regime, the paraﬃnic-like, chain exten-
ded structures seems to lead to short chromophores that produce more strongly
coupled H-aggregates, very likely due to torsional disorder along the polymer back-
bone introduced, for example, through end-group eﬀects. [81] On the other hand,
ﬁlms prepared with P3HT of molecular weight above the entanglement limit fea-
ture weaker interchain coupling but stronger intrachain coupling. We attribute this
to the presence of longer-chain chromophore segments originating from torsionally
more ordered (i.e. more planar) macromolecules. We thus ﬁnd that the intrachain
and interchain spatial coherence of excitons evolve with opposite trends with mo-
lecular weight, with longer intrachain coherence being observed for materials of
high Mw , but longer interchain coherence in low-molecular weight materials. The
photophysical properties arise from the competition between intrachain (through-
bond) electronic coupling characteristic of Wannier-Mott excitons, and interchain
(through-space) electronic coupling leading to Frenkel excitons, which generally
dominate the photophysical properties of plastic semiconductors.
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3.5 Experimental Methods
P3HT ﬁlms of weight-average molecular weight (Mw ) in the range of 3-450
kg/mol were wire-bar-coated from p-xylene solution (1 wt% solid content) onto
glass substrates. The solution temperature was 70 ◦C , and the substrate was
also kept at 70 ◦C . Absorption spectra were measured using a commercial UV-
Vis spectrophotometer (Perkin Elmer, Lambda25). The photoluminescence experi-
ments were carried out by excitation with a continuous-wave laser (Ultralasers Inc.,
200 mW maximum, 532 nm) modulated at a frequency of 100 Hz with a mechani-
cal chopper (Terahertz Technologies), and detection with a 300-mm spectrometer
(Princeton Instruments SP300 with EOS model S/PBS-025/020-TE2-H photore-
ceiver), and phase-sensitive detection (SR830 lock-in ampliﬁer). The sample was
housed in a closed-cycle, temperature controlled, sample-in-vapor cryostat (CryoIn-
dustries of America).
The ultrafast time-resolved PL measurements were performed by femtosecond
ﬂuorescence upconversion. The samples were excited by the frequency-doubled out-
put from an ultrafast mode-locked Ti :Sapphire oscillator (Newport Spectra-Physics
Broadband MaiTai). Excitation and gate wavelengths were ﬁxed at 400 and 800 nm,
respectively. Both the gate and excitation beams were independently compressed
using prism-pair compressors. The excitation intensity was adjusted to be below
the onset of intensity dependent kinetics. Photoluminescence from the sample was
focused on a 200-t¸m-thick BBO crystal along with the 800-nm gate beam. Sum
frequency generated photons (corresponding to photoluminescence at either 650 or
720 nm) were detected using a photomultiplier tube (R7207-01, Hamamatsu). The
temporal resolution of the system was less than 150 fs. Sample degradation was
avoided by performing the measurements under ﬂowing nitrogen and using a trans-
lation stage to constantly move the sample within the beam, removing the eﬀect
of photo-bleaching and providing data averaged across the whole of the sample.
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Melting temperatures, Tm, and enthalpies of fusion, ΔHf , were determined with
a Mettler DSC822e diﬀerential scanning calorimeter (DSC), calibrated with indium
and zinc. Samples of 1 - 5 mg (obtained from thin-ﬁlm structures cast from solution
following an identical protocol as for optical measurements) were sealed in alumi-
num crucibles and then heated under nitrogen at a scanning rate of 10 ◦C /min.
Enthalpies of fusion were deduced from the surface area underneath the melting
endotherms.
3.6 Results and Analysis
3.6.1 Relationship between exciton signatures and solid-state micro-
structure
In this section, we explore the dependence of steady-state absorption and photo-
luminescence (PL) spectral line shapes of P3HT ﬁlms with Mw. Fig.3.1(a) displays
the room-temperature absorption spectra of ﬁlms of P3HT of two diﬀerent Mw ;
one prepared with P3HT of low Mw (12.4 kg/mol) and one made of high-Mw ma-
terial (264 kg/mol). We discern two distinct diﬀerences in the spectral line shapes
of these samples. The ﬁrst concerns the relative absorbance of the origin of the
vibronic progression at 2.0 eV. As mentioned in 3.4, previous work by Spano has
demonstrated that the absorption line shape can be understood within the frame-
work of a weakly coupled H-aggregate model. [62, 66, 75] Weak resonant Coulombic
coupling between cofacial polymer chains, Jinter, results in electronic dispersion of
the vibronic molecular levels to form vibronic bands with free-exciton bandwidth
W = 4Jinter. W is related to absorbance ratio of 0-0 and 0-1 peaks at 2.0 and 2.2
eV, respectively. Assuming a single-chain Huang-Rhys parameter of unity [62], the
ratio is given by [62, 66, 75]
A0−0
A0−1
≈
(
1−0.24W/h¯Ω0
1+0.073W/h¯Ω0
)2
, (3.1)
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Figure 3.1 – Absorption and photoluminescence spectra in thin ﬁlms of neat P3HT
of low (12.4 kg/mol ; chain extended structure - red symbols) and high (264 kg/mol ;
entangled, semicrystalline morphology - blue symbols). (a) Normalized absorption
spectra for these ﬁlms at room temperature. (b) Normalized photoluminescence
spectra measured at T = 10 K.
where h¯Ω0 ≈ 180meV is the eﬀective energy of the main vibrational modes coupled
to the electronic transition. Our optical absorption data presented in Fig.3.1(a) thus
suggests that W decreases signiﬁcantly in high-Mw materials compared to P3HT
of low Mw . We associate this noticeable variation in W between the two samples
to conformational changes resulting from the signiﬁcantly diﬀerent average chain
lengths associated with these two ﬁlms. Excitonic coupling has been reported to
vary inversely with conjugation length in P3HT, [16, 93] consistent with theoretical
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predictions. [53, 57, 94, 95] Similar trends have been reported in a series of chiral
oligothiophenes end-capped with ethylene oxide side chains. [93]
The second important diﬀerence in the absorbance spectra of low- and high-Mw
materials is the change in relative spectral weight at photon energies around 2.4 eV,
which is higher for the sample of lower Mw . Absorbance in this high-energy region
can be largely assigned to electronically uncoupled chromophores, [60, 62] implying
that the lower Mw sample is comprised of a higher fraction of photophysically
uncoupled polymer chains.
Further information can be obtained from the corresponding PL spectra of
the two low- and high-Mw samples, measured at 10 K (Fig.3.1(b)). Speciﬁcally,
we observe a 0-0 (1.88 eV)/0-1 (1.70 eV) PL ratio that is signiﬁcantly larger in
the P3HT ﬁlm of higher Mw ; we discuss this trend in more detail later in this
section. In addition, we note that the 0-2 (1.52 eV)/0-1 (1.70 eV) intensity ratio
also depends on Mw ; the smaller ratio for the higher Mw samples indicating a
smaller Huang-Rhys parameter. This is somewhat surprising as it is inconsistent
with the weakly-coupled H-aggregate model, [60] which predicts that in the weak
excitonic coupling regime the relative intensities of the 0-1, 0-2, satellites should
be independent of W (and disorder) and, hence, should resemble what is obtained
for an isolated chromophore. Aggregation mainly inﬂuences the relative 0-0 peak
intensity which depends entirely on the coherence of the emitting exciton, in marked
contrast to the mainly incoherent origin of the vibronic satellites.
In order to examine these trends more quantitatively we measured absorption
and PL spectra in a series of neat P3HT thin ﬁlms using materials of Mw ranging
from 2 to 347 kg/mol. We ﬁrst plot W versus Mw (Fig. 2(a)), derived from eq.3.1.
For materials of Mw < 50 kg/mol, we deduce an average W = 81±11 meV, while
for P3HT of higher Mw we consistently derive an average W of 21±2 meV. (In the
SI we show that the values ofW increase by roughly 30% when evaluated using the
HJ-aggregate model.) Tellingly, this transition of W is abrupt and occurs around
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Figure 3.2 – (Color) Dependence of spectroscopic and microstructural features
and parameters from spectral analysis on molecular weight of neat P3HT archi-
tectures.(a) Free-exciton bandwidth, W , derived from absorption spectra at room
temperature. (b) Relative intensity of the 0–0 PL intensity, α , and eﬀective Huang-
Rhys parameter, λ 2eﬀ, derived from photoluminescence spectra at 10K. (c) Melting
temperature, Tm, and enthalpy of fusion, ΔHf , derived from diﬀerential scanning
calorimetry measurements.
Mw ≈50 kg/mol - which is the molecular-weight region where the P3HT chains at-
tain suﬃcient length to undergo entanglement, leading to a microstructural change
from a paraﬃnic, chain extended phase to a two-phase morphology composed of
interconnected crystalline and amorphous regions. [17, 19, 79, 81, 96] From the PL
spectra of all the samples, we obtain the 0-0/0-1 intensity ratio and the eﬀective
Huang-Rhys parameter as a function of Mw via a ﬁt with modiﬁed Franck-Condon
model (see below) that takes into account the H-aggregate nature of the PL spec-
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trum, namely, a symmetry-forbidden but disorder-allowed intensity of the 0-0 peak
at 1.88 eV : [62]
I(ω) ∝ (h¯ω)3n3(ω)e−λ
2
eﬀ (3.2)
×
[
αΓ(h¯ω −E0)+∑
m
λ 2meﬀ
m!
Γ(h¯ω −E0−mh¯Ω0)
]
,
where n(ω) is the refractive index of the ﬁlm at the optical frequency ω , λ 2eﬀ is
the eﬀective Huang-Ryhs parameter, E0 is the energy of the origin of the vibro-
nic progression, h¯Ω0 = 180meV is the energy of the eﬀective oscillator coupled to
the electronic transition, and Γ(x) is a Gaussian function that represents the in-
homogeneously broadened spectral line of the vibronic replica in the progression.
The parameter α thus quantiﬁes the relative intensity of the origin of the vibronic
progression (0-0), which is decoupled from the rest of the progression because it
alone expresses the spatial coherence of the emitting Frenkel exciton within the H-
aggregate model. [60] We display α and λ 2eﬀ as a function of Mw in Fig.3.2(b). As
the Mw of the P3HT ﬁlms increases, we observe a strong increase in α from 0.24 to
0.74, correlated with a decrease of λ 2eﬀ from ∼1.5 to just over 1 for high-Mw samples.
Note that for the analysis of the absorption spectrum reported in Fig.3.2(a), we
assumed λ 2eﬀ=1. We also extracted values for W using λ
2
eﬀ from the PL analysis
in Fig.3.1(b), using a more general expression reported elsewhere [89] (see supp.
information), generalized for arbitrary HR factors. This increasesW by ∼50%. Ho-
wever, we expect that λ 2eﬀ in the absorption spectrum is intermediate between 1
and that measured by PL since the distribution of chromophore conﬁgurations is
larger in absorption. Therefore, we choose to report W in Fig.3.2(a) obtained by
imposing λ 2eﬀ= 1.
The increase in α - the relative 0-0 intensity - can be accounted for in the H-
aggregate model as a decrease in W, an increase in the energetic disorder magnitude
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(quantiﬁed by the width σ of a Gaussian distribution of site energies), a decrease
in spatial correlation of site energies (β ), or some combination of the above. Here,
β ≡ exp(−1/0) where 0 is the site-energy spatial correlation length in units of the
interchain separation. (Note that β ranges from 0 to 1 as 0 increases from 0 to
inﬁnity.) From the perturbative expression derived in Ref. [66] the scaling of the
0-0/0-1 PL ratio with the parameters σ , β ans W is,
I0−0
I0−1
∼ (1−β )σ
2
(1+β )W 2
, (3.3)
which is strictly valid in the limit where (1− β )σ <<W << h¯ω0. Since the ab-
sorption and emission spectral line widths are smaller in the higher-Mw ﬁlms, the
width of the disorder distribution is also smaller. A change in σ therefore cannot
be responsible for the higher 0-0/0-1 ratio observed in the high Mw materials. Mo-
reover, increasing order is usually coincident with an increasing spatial correlation
parameter β , which also serves to decrease the 0-0/0-1 ratio and hence contradicts
what we observe. The full inﬂuence of spatial correlation will be explored in greater
detail later in section 3.6.2. (We ﬁnd, in fact, that β increases for ﬁlms prepared
with higher Mw P3HT.)
The data displayed in Fig.3.2(a) shows, however, thatW is signiﬁcantly smaller
for higher-Mw samples (consistent also with increasing order) and thus, according
to the H-aggregate model, a reduction inW would account for the observed increase
in the PL 0-0/0-1 ratio with Mw . Because of the large change inW in the two well-
deﬁned Mw regimes, we expect that this parameter will represent the dominant
contribution to the trend in α . In the limit that W becomes negligible (i.e. in π-
stacks consisting of polymers with very long conjugation lengths [53, 57, 94, 95]),
the 0-0/0-1 line strength ratio is capped at the maximum value of value λ 2/2, the
Huang-Rhys parameter representing a single chain in the π-stack. Measurements of
Kanemoto et. al. [97] show that the single chain HR factor is approximately unity.
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There is, however, evidence for the breakdown of the pure H-aggregate model
in the recent literature. For instance, recent reports on P3HT whiskers (i.e. ’na-
noﬁbers’ grown from relatively high molecular weight materials from solution over
time), have shown that the ratio of the 0-0 to 0-1 PL peaks can be as high as two
at room temperature, [73] suggesting that the line strength can signiﬁcantly exceed
the aforementioned cap. Additional evidence for the breakdown of the H-aggregate
model comes from the decrease of the 0-2/0-1 peak ratio in the PL spectrum of ma-
terials of increasing Mw reported in this paper (Fig.3.1(b)). As mentioned in a prior
work, [60] for the relatively weak values of W encountered in P3HT aggregates the
relative strengths of the side-band peaks (0-1, 0-2, etc.) in the PL spectrum very
closely resemble the isolated molecular values ; for example, the ratio of the 0-2 to
0-1 line strengths, I0−2/I0−1, remains steadfast at the value of λ 2/2, as determined
from the Poissonian distribution for an isolated (single molecule) chain :
I0−nmolec =
λ 2ne−λ 2
n!
. (3.4)
This relation is in disagreement with the data that is presented in Figs.3.1(b)
and 3.2(b), where we observe a signiﬁcant decrease in the PL 0-2/0-1 ratio (decrease
in λ 2eﬀ) with increasing Mw . More precisely, λ
2
eﬀ decreases from approximately 1.3-
1.6 for P3HT of low Mw to 1.0-1.1 for materials of high Mw . The apparent failure
of the H-aggregate model, which assumes that a polymer chain has a unique HR
factor independent of Mw , is due to its assumption that a single chain can be
modeled as a two-level chromophore with displaced harmonic nuclear potentials
characterized by a unique HR factor λ 2=2. This simple description assumes that
the Born-Oppenheimer approximation is valid for a single chain and ignores exciton
motion and nonadiabatic coupling to vibrations within a given chain. The conse-
quences of intrachain exciton vibrational coupling were examined in Ref. [49], where
a single conjugated polymer chain was modeled as a one-dimensional Wannier ex-
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citon coupled vibronically to the main symmetric vinyl-stretching mode. The elec-
tron and hole transfer integrals between neighboring unit cells were taken to have
the same sign, consistent with what is normally assumed for conjugated polymer
chains, and reﬂective of a direct bandgap semiconductor. The ensuing photophysi-
cal properties of such ’quantum wires’ were found to be remarkably similar to linear
J-aggregates. [98] In Ref. [49] it was shown that the 0-0/0-1 line strength ratio in
the PL spectrum of the single chain increases with intrachain exciton bandwidth –
as expected for a J-aggregate – while the 0-2/0-1 ratio decreases. The behavior can
be crudely described as a decrease in the eﬀective single chain Huang-Rhys factor
with increasing exciton coupling, although the relative intensities are generally not
Poissonian. An approximate description of this behavior in the adiabatic limit was
provided by Chen and coworkers for a Frenkel chain, [99] as well as Cornil et. al. for
a polymer chain using quantum chemically derived adiabatic ground and excited
state potentials. [100]
We therefore attribute the decrease in λ 2eﬀ that we observe in the P3HT samples
of increasing Mw to an increase in the intrachain exciton bandwidth. This strongly
suggests that in these high-Mw P3HT architectures, the macromolecules are of
reduced torsional disorder. Such a transition to a more planar structure in samples
of higher molecular weight would be in agreement with some of our thermal analysis
data : indeed, we observe an increase in both the melting temperature, Tm (which is
directly correlated with the lamellar crystal thickness) and the enthalpy of fusion,
ΔHf (which is directly correlated with the degree of crystallinity ; see Koch et al. [19]
and references therein).
Further support high-Mw P3HT structures being of higher torsional order (i.e
more pronounced planarization of the polymer backbones) can be evoked from the
ratio of the PL decay at 1.90 eVand 1.77 eV(Fig.3.3c). We observe that in the
low Mw -regime, the relaxation of the normalized ratio of intensities at these two
photon energies is more signiﬁcant than for high-Mw material. In fact, Parkinson
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et al. have reported that vibrational relaxation from a low-symmetry to a high-
symmetry ordered state, characteristic of torsional planarization along the polymer
backbone upon optical excitation, results in a dynamic decrease of the relative 0-0
PL intensity on a timescale∼13ps. [72] Such eﬀect has also been observed by Banerji
et al. on timescales >1 ps. [101] Moreover, recent broadband transient spectroscopy
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measurements have revealed signatures of both small-scale (<1 ps) and large scale
(>1 ps) planarization of P3HT thiophene units after excitation. [102] In other
materials such as PPV oligomers, the degree of torsional angle of the backbone is
found to correlate with an increase of the oscillator strength for the 0-0 transition in
comparison to the rest of the vibronic replicas. [103] This is consistent with higher
initial torsional order in the high Mw regime, which inﬂuences W and consequently
α , the relative intensity of the 0-0 peak in PL. From this observation, we support
our conjecture that the decrease in λ 2eﬀ with increasing Mw is primarily due to an
increase in intrachain exciton bandwidth resulting from a reduction in torsional
disorder in high Mw aggregates.
3.6.2 The HJ-aggregate model
In order to obtain a more detailed knowledge about the relationship between
exciton signatures and solid-state microstructure and macromolecular chain confor-
mation, and to explore the eﬀect of intrachain exciton bandwidth on λ 2eﬀ quanti-
tatively, we generalize the HJ-aggregate model introduced in Ref. [59] to include
disorder. In the HJ-aggregate model, excitons are free to navigate across chains in
the π-stack, as in the original H-aggregate model, but also within chains. Intrachain
excitons are generally of the Wannier-Mott type in which electrons and holes are
bound across more than one site with a characteristic Bohr radius. Hence, within
a π-stack of such chains, the exciton is delocalized over two dimensions ; along the
polymer backbone as well as along the stacking axis. Because the Wannier-Mott
excitons in one dimension lead to J-aggregate photophysics, [49] the aggregate can
be understood as J-like along the backbone dimension and H-like along the stacking
direction, allowing for interesting hybrid H-J photophysical properties. If disorder
is absent, as was the case treated in Ref. [59], the high symmetry dictates that no
0-0 emission can occur at low temperatures - a classic signature of H-aggregates.
Increasing temperature leads to interesting eﬀects, for example, a transition from
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H- to J-aggregate behavior with increasing temperature has been predicted. [59]
Similar eﬀects are expected when correlated disorder (quantiﬁed by σ and β ) is
included.
In this Section we show that the intrachain and interchain exciton bandwidths
corresponding to the emitting aggregate species can be determined entirely from
an analysis of the PL vibronic progression ; in particular from the 0-2/0-1 and
0-0/0-1 ratios. This has an advantage over some prior analyses based on the H-
aggregate model where the (interchain) exciton bandwidth was extracted from the
0-0/0-1 absorption spectral ratio, which is characteristic of the absorbing species. In
polymer ﬁlms absorption and emission very likely take place from conﬁgurationally
inequivalent species, as the signiﬁcant disorder inherent to such ﬁlms enhances
spectral diﬀusion away from the primary absorbers.
In conjugated polymer chains the ratio of the 0-0 and 0-1 oscillator strengths in
the absorption spectrum can be quite large - almost a factor of ten in the isolated
and practically disorder-free polydiacetylene (PDA) chains, [92] for example - and
is a direct measure of the strength of the intrachain exciton coupling. In modeling a
single P3HT chain we assume weaker intrachain coupling than in PDA because the
0-0/0-1 absorption peak ratio in P3HT (in solution or solid phase) has never been
observed to increase much beyond unity. In the weak coupling limit, second order
perturbation theory shows that transport along the chain occurs via virtual two-
step electron-hole (or vice versa) events involving Frenkel-like excitations within a
single monomer unit (i.e. thiophene unit). [59] Such a chain can be described with
a Frenkel-like Holstein Hamiltonian in which the (through-bond) exciton coupling
between adjacent thiophene units is given by,
Jintra =
−2teth
|U−V1| . (3.5)
Eq.3.5 contains the product of electron (te) and hole (th) transfer integrals
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connecting neighboring thiophene LUMO’s and HOMO’s respectively. |U−V1| is
the stabilization of the neutral Frenkel-like exciton relative to the nearest-neighbor
charge-separated state. Note that the single-chain physics is invariant to a sign
change in both te and th. In addition to an eﬀective coupling between adjacent
thiophene units there is also a second-order energy (red) shift, given by
Δintra =−2(t
2
e + t
2
h)
|U−V1| (3.6)
due to virtual two-step transfer where, for example, an electron (or hole) moves to
a neighbor and then returns to the parent thiophene ring.
As in Ref. [59], we assume equivalent electron and hole transfer integrals, and
introduce t such that te=th. Having te=te is consistent with a direct bandgap semi-
conductor. Within this approximation Eq.3.5 leads to
Jintra =
−2t2
|U−V1| , (3.7)
where the negative sign on the right-hand side ensures J-aggregate-like behavior.
Inserting te=th in Eq.3.6 leads to a simple relation between the red shift and Jintra,
Δintra = 2Jintra. (3.8)
Since the P3HT chains are generally torsionally disordered, we consider t (and
Jintra) to be an eﬀective coupling, smaller than the larger intrinsic coupling found
in the ”perfect” polydiacetylene chains. [49] Within the space of a single electro-
nic excitation (one electron and one hole), the single-chain eﬀective Hamiltonian
representing the sth disorder-free P3HT chain is therefore given by
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Hˆs = ε1 +Δintra + h¯Ω0∑
n
b†n,sbn,s
+ h¯Ω0∑
n
{
λ0
(
b†n,s+bn,s
)
+λ 20
}
|n,s〉〈n,s|
+ Jintra∑
n
{|n,s〉〈n+1,s|+ |n+1,s〉〈n,s|} . (3.9)
|n,s〉 represents an electron-hole(Frenkel-like) excitation (”S1”) on the nth thio-
phene unit of the sth chain with energy ε1. The operator b†n,s (bn,s) creates (des-
troys) a vibrational quantum of energy, h¯Ω0, (corresponding to the symmetric ring-
stretching mode) in the ground state nuclear potential well (the ”S0” potential) as-
sociated with a neutral ”ground state” repeat unit at the nth site on chain s. (Such
a unit contains no electrons and holes). The quantity λ0 is the Huang-Rhys factor
for an individual thiophene unit and is set to 2, which we calculate for uncoupled
thiophene monomers by means of time-dependent density functional theory (see
appendix.I).
Energetic site disorder within the sth chain is represented by the Hamiltonian
Hs,dis =∑
n
Δn,s|n,s〉〈n,s|, (3.10)
where Δn,s is the transition frequency detuning of the nth thiophene unit on the
sth chain. In what follows, we take the detunings, Δn,s , to be Gaussian random
variables distributed with probability,
P(Δn,s) =
1√
πσ
e−
Δ2n,s
σ2 . (3.11)
Here, 2σ is the full width of the distribution at 1/e of the maximum. The
spatial correlation length, 0, is deﬁned through an exponential drop in the intersite
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correlation function, [60, 104]
〈
Δn,sΔn′,s′
〉
= (σ2/2)exp
[
−
√
(n−n′)2 +(s− s′)2/0
]
. (3.12)
Here, 0 is in units of d, where d ≈ 4 is the (approximate) distance between
nearest-neighbor chains as well as the distance between nearest neighbor thiophene
units within a given chain. The monomer units in a π-stack therefore constitute a
square lattice with a spatial correlation radius given by 0. As before (see discussion
following Eq.3.3) the correlation parameter β is associated with 0 through, β =
exp(−1/0). [104] In a more sophisticated treatment, the interchain and intrachain
disorder included in Eq.3.12 can be distinguished by introducing spatial correlation
lengths along and across the polymer backbone. However, as of the time of this
writing we have no clear data to suggest what the anisotropy in the 0 values might
be. Although increasing the value of 0 along a particular direction would enhance
the coherence length along that direction, the eﬀect is not large. (see Fig.3.9, which
shows a remarkable stability of the coherence length to changes in the correlation
length). Finally, we emphasize that the torsional disorder is also reﬂected in the
mean intrachain coupling Jintra. In principle Jintra should be correlated to 0. Here
we treat them as independent variables but look for consistency in our ﬁnal results
(see below).
The complete Hamiltonian for the π-stack including disorder reads,
Hπ−stack =∑
s
(Hˆs,chain+Hs,dis)+∑
s
∑
n
Jinter {|n,s〉〈n,s+1|+ |n,s+1〉〈n,s| } (3.13)
where the through-space, interchain coupling, Jinter, is limited to adjacent (same
n) thiophene units on neighboring chains. [59] Note that the H-aggregate model is
recovered in the limit that Jintra is set to zero.
In order to derive the mean intramolecular coupling, Jintra , from the measured
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Figure 3.4 – (Color) Calculated eﬀective Huang-Rhys parameter as a function of in-
tramolecular and intermolecular coupling. (a) λ 2eﬀ as a function of Jintra for a single
polymer chain containing 20 thiophene units with λ 20 = 2. Several disorder para-
meters β are shown, with σ=0.54h¯ω0. (b) λ 2eﬀ as a function of interchain coupling
for 10 by 6 aggregates of high and low molecular weight chains with β=0.6.
PL spectra we ﬁrst introduce the eﬀective HR factor, deﬁned as,
λ 2eﬀ ≡ 2
I0−2PL
I0−1PL
, (3.14)
where I0−νPL is the line strength corresponding to the 0−ν transition. As we will show,
the eﬀective HR factor deﬁned by Eq.3.14 is far more sensitive to the intrachain
exciton bandwidth than the interchain exciton bandwidth, thereby providing an
eﬀective measure of the former. (By contrast, the ratio, I0−0PL /I
0−1
PL , responds to
the exciton coherence number due to the competition between the intrachain and
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interchain exciton coupling.)
In the limit of just a single, site-disordered chain with Jintra =0 (i.e. a linear ar-
ray of noninteracting thiophene units) λ 2eﬀ reduces to the monomeric HR factor λ
2
0 ,
(which we take to be two), as can be appreciated from the Poissonian distribution
in Eq.3.3. Increasing |Jintra | enhances the J-aggregate behavior : the 0-0/0-1 line
strength ratio in PL spectrum increases in response to the increasing exciton cohe-
rence length, while the 0-2/0-1 ratio decreases. The overall result is a decrease in the
eﬀective HR factor. The eﬀect is shown in Fig.3.4 for several values of the disorder
correlation parameter, β , with the value of σ taken from the absorption spectral
line widths of the high-Mw ﬁlms when ﬁtted to a Gaussian line shape. (σ is the half-
width at 1/e of the maximum). From Fig.3.1(a) we have σ=0.6ω0 and σ=0.54ω0,
for the low and high Mw samples, respectively. Fig.3.4 shows that λ 2eﬀ decreases
markedly with increasing intrachain coupling, as expected for J-aggregates.
After removing the cubic frequency dependence and the index of refraction
dependence from the measured PL spectra in Fig.3.1b, the experimentally-obtained
values of λ 2eﬀ were determined to be approximately 1.5 for the low Mw materials and
1.1 for P3HT of high Mw . However, in our modeling of a single chain, we take the
slightly smaller values of 1.3 and 1.0, for the low- and high-Mw ﬁlms, respectively,
since, as will be shown shortly, the values increase slighlty when interchain eﬀects
are included. Fig.3.4 shows that λ 2eﬀ attains the value of near unity observed in
ﬁlms of P3HT of high Mw when |Jintra | is in the range, 0.1-0.15 eV, while the
value observed for low-Mw material is consistent with values of |Jintra |, some 30%
smaller.
Fig.3.4(b) shows how λ 2eﬀ varies with interchain coupling, Jinter , for the two
values of |Jintra | which reproduce the measured eﬀective HR factors for low and
high Mw -materials for a representative value of β= 0.6. (Other values of β give
qualitatively similar behavior). The dependence on Jinter is much weaker than the
dependence on |Jintra |, although there is a slight but signiﬁcant initial rise in λ 2eﬀ
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Figure 3.5 – Values of (β , Jintra ) for which the eﬀective HR factor, λ 2eﬀ is constant
at 1.0 and 1.3 for single (isolated) chains of low and high Mw , respectively. Each
chain contains 10 thiophene rings (suﬃcient for convergence) and the ensemble
average included 104 conﬁgurations. For the low (high) Mw chains the value of σ
is 0.6ω0 (0.54ω0) as determined from the absorption spectral line widths
with Jinter , followed by a peak and subsequent demise. The weak dependence of
λ 2eﬀ on interchain interactions was shown analytically using the H-aggregate model
in Ref. [66] and demonstrated numerically in Ref. [60] The weak dependence is
therefore due to the positive sign of the interchain coupling.
Fig.3.4(a) and (b) also show that λ 2eﬀ serves as an eﬀective probe of the intrachain
exciton bandwidth and disorder parameter β . Armed with the measured value of
λ 2eﬀ for the low and highMw ﬁlms (1.3 and 1.0, respectively) we then determined the
points (β , Jintra ) which reproduce the measured λ 2eﬀ in an ensemble of disordered
single chains containing 10 thiophene units each. (Ten units are enough to ensure
convergence to the polymer limit.) The results are plotted in Fig.3.6 for both low-
and high-Mw ﬁlms. Our results show that generally slightly larger values of Jintra
are required when disorder is increased (β reduced) and that the low-Mw ﬁlms
have uniformly lower values of |Jintra | than ﬁlms prepared with high-Mw materials,
consistent with increased torsional disorder in the low-Mw ﬁlms.
We next turn to the eﬀects of interchain coupling. To this end, we ﬁrst took
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Figure 3.6 – Calculated PL spectra for selected triple points from Table.3.I for
materials of molecular weights in the low (a) and high Mw (b) limits. Ensemble
averaging includes 104 conﬁgurations of disorder. T=10K
representative points on the curves in Fig.3.4 and varied Jinter for each one until the
calculated 0-0/0-1 ratio in the PL spectrum matched the measured values. Unlike
λ 2eﬀ , the 0-0/0-1 PL ratio is extremely sensitive to exciton spatial coherence [56, 60]
and depends in a complex way on the exciton coupling along and across chains. [59]
For the two featured P3HTs of low (12.4 kg/mol) and high (264 kg/mol) Mw , the
0-0/0-1 ratios were approximately 0.3 and 0.55, respectively, after removal of the
cubic frequency dependence and index of refraction dependence. The values of Jinter
which maintain the measured 0-0/0-1 PL ratio are shown in Table.3.I. Ideally, if
interchain interactions had no impact on λ 2eﬀ , all of the ”triple points” (β , Jintra ,
Jinter ) in Table.3.I would reproduce both the measured 0-2/0-1 and 0-0/0-1 ratios in
the PL spectrum. Table.3.I shows that λ 2eﬀ increases with the disorder as anticipated
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from Fig.3.2. The increase, however, is quite modest and within the experimental
error bars for both low- and high-Mw samples (1.5 and 1.1, respectively) when β>
0.5.
High Mw Low Mw
β l0 |Jintra| |Jinter| I0−0/I0−1 λ 2eﬀ |Jintra| |Jinter| I0−0/I0−1 λ 2eﬀ
0 0.0 0.133 0.045 0.56 1.24 0.088 0.085 0.3 1.62
0.2 0.6 0.129 0.041 0.56 1.21 0.086 0.078 0.3 1.60
0.4 1.1 0.126 0.035 0.56 1.18 0.084 0.069 0.3 1.56
0.5 1.4 0.123 0.032 0.56 1.17 0.082 0.065 0.3 1.54
0.6 2.0 0.121 0.030 0.56 1.14 0.081 0.061 0.3 1.51
0.7 2.8 0.117 0.028 0.56 1.13 0.078 0.055 0.3 1.50
0.8 4.5 0.114 0.024 0.56 1.10 0.076 0.048 0.3 1.46
0.9- 9.5 0.110 0.020 0.56 1.07 0.072 0.039 0.3 1.42
0.95 19.5 0.105 0.015 0.56 105 0.068 0.030 0.3 1.39
0.99 99.5 0.099 0.008 0.56 1.03 0.063 0.016 0.3 1.34
0.999 999.5 0.097 0.003 0.56 1.01 0.058 0.006 0.3 1.32
Tableau 3.I – Values of β and |Jintra| (eV) from ﬁg.3.5 along with values of |Jinter|
(eV) which maintain the 0-0/0-1 PL ratio at 0.56 in ﬁlms of high-Mw P3HT and
0.30 in low-Mw ﬁlms.
Table.3.I shows that as disorder increases (and 0 diminishes) both |Jintra |
and Jinter also increase in order to keep the 0-0/0-1 ratio constant. Jinter increases
by more than an order of magnitude over the full disorder range reported in the
Table.3.I, far greater than the modest increase of only 30% for |Jintra |. The main
reason for the large increase in Jinter is to counter the enhancement of the 0-0/0-1
ratio due to the symmetry breaking induced by increasing disorder.
Calculated PL spectra for selected triple points are shown in Fig.3.6, assuming
that emission takes place from a Boltzmann distribution of band-bottom excitons,
i.e. after relaxation has taken place. [59] The evaluation of the PL spectrum from
a thermal population of exciton emitters is outlined in Ref. [59]. Here we perform
an additional averaging over many (104) realizations of spatially-correlated disor-
der consistent with (σ ,0 ). Figure 3.6 shows that the 0-0/0-1 ratio is constant
throughout the series, whereas the 0-2/0-1 ratio exhibits the aforementioned slight
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rise as disorder increases. The line widths signiﬁcantly red-shift and narrow with
increasing disorder due to a statistical eﬀect discussed in detail in Ref. [60]. Es-
sentially, the probability of ﬁnding a low-energy emitting trap increases when the
spatial correlation length 0 is smaller (β smaller). Comparison with the experi-
mental linewidths for ﬁlms of low- and high-Mw P3HT(see Fig. 1) suggests that
β is in the range, 0.5 < β < 0.9, equivalent to a correlation length in the range,
1<0 <10. The measured spectra of Fig.3.1(b) further show that the 0-0 transition
energies of the low- and high-Mw samples are approximately the same. To obtain
spectrally-aligned 0-0 peaks in the PL spectra in Fig.3.6 requires β to be larger in
the higher Mw samples ; for example, when β=0.9 in the high Mw ﬁlms and β=0.5
in the low-Mw ﬁlms the positions of the 0-0 peaks are roughly the same. This is
consistent with ﬁlms of P3HT of low Mw featuring a higher degree of energetic
disorder.
We now turn to the temperature dependence of the 0-0/0-1 ratio. The measured
temperature dependence is shown in Fig.3.7 for P3HT of low (12 kg/mol) and
high (264 kg/mol) Mw , alongside the calculated temperature dependence for the
selected triple points from Table.3.I. The temperature dependence was evaluated by
performing a Boltzmann average over emitting excitons for each disordered chain in
the ensemble. When disorder within each chain is minimal (β>0.95) the form of the
calculated temperature dependence is similar to what was derived in Ref. [59] in the
limit of no disorder. The initial increase with T is a result of increasing population
of the optically allowed higher energy exciton, as occurs in interchain H-aggregates.
The peak occurs when kT is approximately equal to the interchain splitting, and
the subsequent demise is the expected behavior for J-aggregates. When disorder
increases, the temperature dependence ﬂattens out considerably and better agrees
with the measured trend, as depicted in Fig.3.7. Comparison of calculated and
measured data show that the spatial correlation parameter β is most likely less
than approximately 0.7 in both low and high molecular weight samples.
72
2.0
1.5
1.0
0.5
0.0
I0
-0
/I0
-1
4003002001000
Temperature (K)
β=0.999
β=0.990
β=0.950
β=0.800
β=0.500
β=0
 12 kg/mol
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
I0
-0
/I0
-1
β=0.999
β=0.990
β=0.950
β=0.800
β=0.500
β=0
 264 kg/mol
Figure 3.7 – The 0-0/0-1 PL ratio as a function of temperature for selected triple
points (see Table.3.I) for P3HT thin ﬁlms of high and low Mw . Also shown is the
experimental data for the 447 kg/mol ﬁlm (a) and 8 kg/mol (b) at T=10K
3.6.3 Exciton coherence
In what follows we will consider exciton coherence within the two-dimensional
P3HT π-stacks. We are primarily interested in the exciton coherence corresponding
to the thermally relaxed distribution of excitons which gives rise to the steady-
state PL spectrum. The corresponding coherence length is limited by the locali-
zing inﬂuences of disorder, vibronic coupling and increasing temperature. We are
not concerned with the early-time evolution of exciton coherence during relaxa-
tion/thermalization which is driven by inhomogeneous and homogeneous depha-
sing. The latter is due to interactions between the π-stack and the surrounding
bath, arising, for example, from lattice phonons. Due to the inherent anisotropy
of exciton coupling in P3HT π-stacks we expect the coherence length along the
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polymer backbone, L//, and along the stacking axis, L⊥, to diﬀer. Moreover, as we
will show, both coherence lengths depend on the polymer molecular weight.
For a thermal distribution of low-energy excitons responsible for emission and
transport the ensemble-averaged coherence function is given by [60, 105]
C¯(r)≡
〈
〈ψ(em)|∑
R
B†RBR+r|ψ(em)〉
〉
C,T
(3.15)
where B†R ≡ |R;vac〉〈g;vac| creates an exciton at the monomer site R with no
vibrational quanta (vac) relative to the ground state unshifted potential well. Here,
the vector R=(n,s) locates the nth monomer repeat unit on the sth chain. 〈...〉C,T
represents a dual conﬁgurational and thermal average, the former taking place over
the various realizations of site-energy disorder and the latter taking place over a
Boltzmann distribution of emitting excitons within each realization of disorder.
The r-dependent coherence in Eq.3.15 is similar to that used by Mukamel and
coworkers [88, 106, 107] and Kuhn and Sundstrom. [87]
Coherence in P3HT using the H-aggregate model was investigated in Ref. [60].
As the H-aggregate model is one-dimensional, only the coherence along the π-
stacking direction was considered. It was shown that in such aggregates the cohe-
rence function oscillates along the aggregate axis, changing sign as (−1)n, where n
labels the nth polymer in the stack. The oscillation reﬂects the dominant admix-
ture of the high wave vector (k = π) exciton in the band-bottom excitons, as is
characteristic of disordered H-aggregates. [60] By contrast, in linear J-aggregates
the coherence function is nodeless, reﬂecting the dominant admixture of the k = 0
exciton in the band-bottom excitons. [97]
Fig.3.8 shows the two-dimensional coherence functions for ﬁlms of high- and
low-Mw P3HT evaluated from Eq.3.15 using β = 0.6, with the coupling parameters
taken from Table.3.I. Interestingly, the coherence function contains properties of H-
and J-aggregation : the oscillations along the π-stacking direction results from the
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(a) High MW
(b) Low MW
Figure 3.8 – Coherence function from Eq.3.15 for low- and high-Mw samples and
β = 0.6. Calculations are conducted on 6 by 10 aggregates (6 chains each containing
10 thiophene rings).
positive sign of the interchain coupling and signals H-aggregation, while the uniform
phase of along the chain direction results from the negative sign of the intrachain
interactions and signals J-aggregation. Fig.3.8 shows that the coherence has greater
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extent along the polymer chain for P3HT of higher Mw where the intrachain cou-
pling is about 50% larger than in the low-Mw materials (see Table.3.I). Although
not as obvious, the opposite holds for the coherence along the π-stacking axis ; it
has a greater extent for ﬁlms prepared with low-Mw materials, where the interchain
coupling is twice as large compared with P3HT of higher Mw (see Table.3.I). Fig.3.8
also shows that the coherence function is more anisotropic in the higher- Mw ﬁlms.
Based on the coherence function in Fig.3.8 one can approximate the total num-
ber of monomeric units, Ncoh , within the coherence ”area” deﬁned by the spatial
extent of the envelope of the coherence function. A more quantitative evaluation
of Ncoh follows from the simple relation, [60, 97]
Ncoh = C¯(0)−1∑
r
∣∣C¯(r) ∣∣ (3.16)
where the dimensionless vector r runs over all monomer-monomer separation vec-
tors within the π-stack. The absolute value dependence on eliminates the phase
oscillations, since Ncoh depends on the envelope of C¯(r). For example, in a linear
H-aggregate that is fully coherent (so that Ncoh =N) the oscillations present in C¯(r)
lead to complete destructive interference in the sum, ∑r C¯(r) , making it necessary
to instead sum over ∑r
∣∣C¯(r) ∣∣ in order to determine Ncoh = N. Indeed, the sum in
Eq.3.16 gives the correct result, Ncoh = N (assuming, as we are, periodic boundary
conditions).
The coherence number deﬁned in Eq.3.16 has the correct limiting behaviors, ran-
ging from unity when the coherence function is fully localized (C¯(r) = C¯(0)δr,0) to N
when the coherence is spread over the entire aggregate. Ncoh diﬀers from previously
deﬁned measures of exciton coherence sizes, [86] such as the inverse participation
ratio. The advantage of our deﬁnition is the simple and direct relationship Ncoh has
to the exciton superradiant enhancement and, more importantly, to the 0-0/0-1 PL
ratio in J-aggregates (see below).
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The coherence number Ncoh depends mainly on the nature of disorder (σ ,0
) as well as the temperature. Generally, increasing disorder and/or temperature
localizes excitations and reduces Ncoh as demonstrated in detail in Refs. [60] and [97]
for H and J-aggregates, respectively. Vibronic coupling is also important since it
weakens the excitonic coupling, thereby allowing the disorder-induced localization
to be more eﬀective. Using Eq.3.16 we ﬁnd that Ncoh is ≈ 16 for the low-Mw P3HT
ﬁlms of Fig.3.8(b) and ≈ 18 for the high-Mw ﬁlms of P3HT of Fig.3.8(a). Since the
temperature is low (T = 10K) it is disorder that is mainly responsible for localizing
exciton coherence in both P3HT of low and high-Mw .
In the π-stack, one can also deﬁne the coherence lengths along the polymer chain
direction (L//) and along the π-stacking axis (L⊥) from the coherence function via,
L// = d// { C¯(0)−1 ∑
r∈Chain
∣∣C¯(r) ∣∣−1 } (3.17a)
L⊥ = d⊥{ C¯(0)−1 ∑
r∈ChainNormal
∣∣C¯(r) ∣∣−1 } , (3.17b)
where d// (d⊥) is the nearest neighbor distance between two adjacent thiophene
units within a chain (on neighboring chains). As stated earlier we take both dis-
tances to be 4.0 A˚ in our calculations. Note that the term r=0 is included in both
sums of Eq.3.17(a),(b). Also note that in the limit of strong localization where
C¯(r) = C¯(0)δr,0 the coherence lengths properly tend to zero.
Based on the coherence functions in Fig.3.8 and the use of Eqs.3.17(a),(b),
the coherence lengths along the polymer backbone and along the stacking axis
are calculated in a 6 by 10 aggregate (6 chains with 10 thiophene units per chain).
Fig.3.8 shows the coherence lengths of the low and high-Mw materials for each of the
triple points of Table.3.I. The coherence size is remarkably stable throughout the
range from beta=0 to 0.95, corresponding to the spatial correlation length ranging
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Figure 3.9 – Coherence size deﬁned in Eq.3.17 as a function of disorder parameter,
β , for P3HT ﬁlms of low and high Mw at T=10K. Each point corresponds to triple
point of Table.3.I. Calculations are conducted on 6 by 10 aggregates (6 chains each
containing 10 thiophene rings).
from 0 =0 to 20 thiophene units. The coherence length begins to signiﬁcantly
increase when 0 exceeds the chain length (10 units) used in the calculation ; we
therefore suspect that using larger chains in our calculations would lead to an
increase in the range of 0 over which the coherence lengths remain approximately
constant. When β=1 each repeat unit in a given aggregate has essentially the
same transition frequency, i.e., the intra-aggregate disorder is zero. Considering
the 6 by 10 aggregates used on our calculations, the coherence length along the
chain approaches 9d=36 A˚, as is observed in Fig.3.8. The coherence length across
the chains should approach 5d = 20 A˚, however in this limit the small interchain
interaction is of the order of kT at T=10K (Jinter =0.003 eV from Table.3.I) so that
the thermally-induced localization remains signiﬁcant. From Fig.3.8, the coherence
length along the chain for P3HT of high Mw is about 18 A˚ (maintaining β=0.6)
which corresponds to slightly greater than four thiophene units. The coherence
length drops to about 7.5 A˚ across chains. In materials of low Mw the coherence is
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more isotropic ; the coherence length along the chain is about 25% smaller than for
high-Mw P3HT, although the coherence length across chains is signiﬁcantly higher,
approximately 10 A˚, which is only slightly smaller than the value of ≈12 A˚ obtained
using the H-aggregate model in Ref. [60]. The greater coherence length along the
chain for P3HT of high Mw is consistent with reduced torsional disorder while the
larger coherence length across chains for materials of low Mw arises mainly from the
much higher interchain interactions (Jinter ) within the π-stacks of these materials
(see Table.3.I), possibly due to the higher torsional disorder in such structures, e.g.
induced through end-group eﬀects.
3.6.3.1 Relationship between Ncoh and the PL line shape
We have written extensively on the uniquely coherent nature of the 0-0 peak
within the PL vibronic progression. [56, 75, 97] For any aggregate type (H and J)
the dimensionless 0-0 line strength is directly related to the averaged coherence
function through,
I0−0PL =∑
r
C¯(r) (3.18)
In the case of J-aggregates, where C¯(r) is uniformly positive, the 0-0 peak is a
direct measure of the coherence size and is the source of superradiance (see Eq.3.16
with
∣∣C¯(r)∣∣ = C¯(r). Since the side-band line strengths are largely incoherent, the
ratio I0−0PL /I
0−1
PL is useful for probing coherence. In Ref. [97] we obtained the simple
relationship (for a linear J-aggregate),
I0−0PL /I
0−1
PL ≈ Ncoh/λ 2. (3.19)
Eq.3.18 provides a simple means of extracting Ncoh directly from the PL spec-
trum in J-aggregates. [49, 97]
In marked contrast, in H-aggregates the 0-0 intensity (as well as ratio I0−0PL /I
0−1
PL
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) is not directly proportional to the coherence number because the phase oscilla-
tions in C¯(r) lead to destructive interferences in I0−0PL (see Eq.3.18) but not in Ncoh
(see Eq.3.16). As a result, in H-aggregates the PL ratio is inversely related to Ncoh,
decreasing with increasing Ncoh as the destructive interference between chains be-
come more eﬀective. [60] In the limit of maximum coherence (T=0 K and σ=0 or 0
=∞) Ncoh becomes equal to N and the PL ratio vanishes in H-aggregates - there is
no 0-0 peak by symmetry. By contrast, in the same limit the PL ratio is maximized
(= N/2) in J-aggregates. Hence, for H-aggregates, there is no simple relationship
relating the PL ratio to Ncoh. Expressions like Eq.3.3 imply that Ncoh is a complex
function of the exciton bandwidth, disorder, and the vibronic coupling. However,
once a model for disorder is assumed, Ncoh can be determined numerically from the
measured PL ratio as was done in Ref. [60] Hence, for either aggregate type (H or
J) I0−0PL /I
0−1
PL provides a means of determining Ncoh.
In the π-stacks of interest here, the PL ratio is enhanced by the coherence
along the polymer chain as the transition dipoles of the repeat units are aligned
in-phase. However, between chains there is a phase shift (see Fig.3.9) which causes
destructive interference between the chains. Hence, the H-like interchain character
leads to an attenuation of the ratio I0−0PL /I
0−1
PL . In the presence of disorder and
thermal ﬂuctuations the overall PL ratio is therefore due to a competition between
intrachain, J-favoring interactions and interchain, H-favoring interactions. As we
have shown here in P3HT ﬁlms the competition is also a function of the chain
conformation dictated by the material’s molecular weight, with the most inﬂuential
factor being the diminished interchain coupling (and enhanced intrachain coupling)
experienced by the more planar (torsionally less disordered) macromolecules of
P3HT of higher Mw .
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3.7 Discussion
From the work presented in Section3.6.1, we identify a clear microstructure-
dependent interplay of intermolecular and intramolecular exciton spatial coherence
in neat regioregular P3HT, which we rationalize in terms of a hybrid HJ-aggregate
model. We can summarize the important conclusions as follows : (i) the photo-
physics of P3HT ﬁlms results from a competition of intrachain π-electron coupling
(J-aggregate-like behavior), and interchain Coulombic coupling (H-aggregate beha-
vior) ; (ii) while the ratio of the 0-0 and 0-1 PL intensities is sensitive to interchain
exciton coherence, the 0-2/0-1 ratio in the PL spectrum is predominantly an in-
trachain property that determines the eﬀective single-chain Huang-Rhys factor λ 2eﬀ
(see eq.3.13). The measured change in λ 2eﬀ from near unity in P3HT samples of
high Mw to approximately 1.3-1.5 in low-Mw materials reﬂects greater intrachain
coupling in P3HT of high Mw , which we attribute to reduced torsional disorder ;
(iii) the enhanced 0-0/0-1 PL ratio in ﬁlms of P3HT of higher Mw is mainly due to
decreased interchain couplings which correlate to longer conjugation lengths (and
coherence lengths) within the chains. Enhanced intrachain coupling also favors a
larger 0-0/0-1 PL ratio. (iv) for both P3HT of high and low Mw , the coherence
length is larger along the chain than across chains, but the coherence lengths do
not dramatically diﬀer between material of low and high Mw . We expect that the
interplay between inter- and intrachain interactions is a general property in po-
lymeric semiconductors. For instance, Ko¨hler et al. recently presented convincing
evidence of a second-order phase transition in MEH-PPV dissolved in methyltetra-
hydrofuran, [74] where the disordered ”blue-phase” is converted to the aggregate
”red-phase” as the temperature is lowered through the critical temperature near
200 K. In contrast to the PL line shape of the P3HT ﬁlm aggregates studied here,
the PL spectrum from red-phase MEH-PPV aggregates is dominated by the 0-0
transition, indicative of J-aggregate like behavior resulting from dominant intra-
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chain interactions. In fact, the spectra closely resemble the PL spectra obtained
from the P3HT whiskers of Niles et al., [73] the optical behavior of which were
also rationalized in the same way. It is not fully understood why the optical pro-
perties of P3HT ﬁlms cast from organic solvents under ambient conditions should
more closely resemble H-aggregates, but the work here supports the hypothesis
that such aggregates are comprised of chains with more torsional disorder, shorter
conjugation lengths, and therefore stronger interchain interactions. The correlation
between increased intrachain spatial coherence and reduced interchain coupling is
consistent with the well-known oligomer length eﬀect : the longer the oligomer the
weaker are the interchain excitonic coupling. [53, 57, 95]
The solid-state microstructures formed over the wide molecular weight range
studied in this work are very distinct, ranging from a one-phase, chain extended
(paraﬃnic-like) structure to a two-phase semicrystalline morphology, [19] and the
absorbance and PL spectral line shapes vary accordingly (Figs.3.1 and 3.2). It is
striking that while ﬁeld-eﬀect mobilities [19, 30, 81, 83, 108] time-of-ﬂight mobili-
ties, [19, 84] and microwave conductivities [18] all display marked dependence on
microstructure, the two-dimensional equilibrium exciton spatial coherence function
derived from analysis of the PL spectral lines shape varies in a modest way over
the same range (Figs.3.8,3.9). This reﬂects the strong Frenkel-like character of ex-
citons in P3HT, which, together with the strong coupling to vibrational degrees of
freedom and the substantial amount of conﬁgurational disorder intrinsic in these
semicrystalline microstructues, results in fairly strong localization. From Fig.3.8
we obtain a coherence ”area” - deﬁned as the product of the two coherence lengths
in Eq.’s3.17(a),(b) - of roughly 130 A˚2 for both low- and high-Mw materials, with
P3HT of high Mw being slightly more anisotropic (”rectangular”). We have focused
mainly on the steady-state exciton coherence, although our time resolved results in
Fig.3.3 indicate that for time windows beyond the ∼200 fs time resolution of our
experiment, the spatial coherence properties do not change signiﬁcantly in P3HT
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of high Mw . In contrast, the signiﬁcant reduction in the PL 0-0/0-1 ratio with
time over the ﬁrst 5-10 ps in materials of low Mw is consistent with an increasing
coherence domain size with time due to planarization of the more torsionally disor-
dered P3HT chains. [100] Interestingly, Banerji et al. reported that in ﬁlms based
on P3HT of Mw = 79.9 kg/mol, this relaxation of the 0-0 intensity on picosecond
timescales takes the system from a predominantly J-like emission spectrum (the
0-0 peak is more intense than the 0-1 peak), to distinctly an H-like emission spec-
trum (suppressed 0-0 intensity with respect to the rest of the progression). [72]
We speculate that at early time, well within the time resolution of most ultrafast
experiments ( 100 fs), nascent excitons are characterized by long coherence before
localization occurs to produce the the coherence lengths at equilibrium conditions,
as discussed in this work. Such a scenario involving hot, spatially coherent excita-
tion at organic heterojunctions in the photocarrier photogeneration mechanism in
solar cells has received signiﬁcant support in the last year. [72, 109] Interestingly,
photovoltaic eﬃciency performance in P3HT :PCBM diodes is found to be opti-
mized with P3HT of medium Mw , [110] and we propose that early-time spatial
coherence properties of polymer ﬁlms may depend on the complex conﬁgurational
and energetic landscape in similar ways as the equilibrium spatial coherence pro-
perties investigated here. We consider that this is a valuable future direction of
research using techniques such as multidimensional electronic spectroscopy.
3.8 Conclusion
In this paper we have shown how to analyze the steady-state photolumines-
cence spectral line shape in order to obtain the two-dimensional exciton coherence
function in semicrystalline polymeric semiconductors. In particular, the 0-0/0-1
PL ratio results from a competition between intrachain interactions, which serve to
enhance the PL ratio (as is characteristic of J-aggregates) and interchain interac-
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tions, which serve to attenuate the PL ratio (as is characteristic of H-aggregates).
The resulting coherence function for P3HT π-stacks is J-like (nodeless) along the
chain, and H-like (oscillating phase) across the chains. By contrast, the 0-2/0-1
PL ratio, quantifying the eﬀective Huang-Rhys parameter of the vibronic progres-
sion, is sensitive primarily to intrachain excitonic coupling. In regioregular P3HT
ﬁlms, the interplay between intra- and intermolecular interactions results in a co-
herence ”area” of approximately 130 A˚2. Low molecular weight (Mw < 50 kg/mol)
materials form chain-extended morphologies based on lamellar stacks of torsionally
disordered macromolecules, leading to excitons with interchain spatial coherence
that extends over ∼10 A˚ (i.e. over 2.5 neighbouring macromolecules), but with in-
trachain spatial coherence limited to ∼13 A˚ (i.e. ≈3 thiophene monomers). On the
opposite regime, ﬁlms made of high-molecular-weight P3HT (Mw > 50 kg/mol),
which are characterized by two-phase morphologies consisting of interconnected
crystalline and amorphous domains, host excitons that are spatially coherent over
only ∼7.5 A˚ along the stacking axis, but over ∼18 A˚ along the chain. Hence, the
coherence areas for P3HT of low and high Mw are similar, although high-Mw mate-
rials host a more anisotropic coherence favored along the polymer chain axis. This
establishes that there is a microstructure-dependent interplay between intrachain
and interchain exciton interactions in this important class of semiconductor mate-
rials. Future work will be directed at exploring the time dependence of the spatial
coherence as tracked by the time-resolved PL line shape.

CHAPITRE 4
CHARGE SEPARATION IN SEMICRYSTALLINE POLYMERIC
SEMICONDUCTORS BY PHOTOEXCITATION : IS THE
MECHANISM INTRINSIC OR EXTRINSIC ?
4.1 Contexte de l’article
La diﬀusion des excitons de Frenkel dans un cristal se fait en transfe´rant leur
e´nergie de mole´cule en mole´cule par un me´canisme de diﬀusion re´sonant de type
Fo¨rster. Cependant, ils ne portent pas de charge. Puisqu’ils ont une e´nergie de liai-
son largement supe´rieure a` celle des excitons Wannier-Mott, il doit alors subsister
un me´canisme permettant leur se´paration en e´lectron-trou inde´pendant. La majo-
rite´ des dispositifs optoe´lectronique dont l’utilite´ est de re´colter des charges suite
a` une excitation optique utilisent un complexe donneur/accepteur d’e´lectrons. On
utilise alors des mate´riaux de diﬀe´rentes aﬃnite´s e´lectronique et potentiel d’ioni-
sation, ce qui cause un de´calage entre leurs niveaux HOMO et LUMO et permet
ainsi de transfe´rer l’e´lectron excite´ de la bande LUMO d’une mole´cule (donneur)
a` la bande LUMO d’une autre mole´cule (accepteur). De fac¸on a` dissocier eﬃca-
cement la paire e´lectron-trou, le de´calage e´nerge´tique entre les bandes HOMO et
LUMO du donneur et de l’accepteur doit eˆtre de l’ordre de l’e´nergie de liaison de
l’exciton. [47]
La fac¸on la plus eﬃcace de scinder l’exciton sur deux mole´cules est de cre´er une
he´te´rojonction volumique. [111] Par exemple, les dispositifs e´lectroniques a` base
de P3HT sont ge´ne´ralement constitue´s d’un re´seau interpe´ne´tre´ de P3HT et d’un
de´rive´ du fullere`ne, le [6,6]-phe´nyl-C61-butanoate de me´thyle commune´ment appele´
PCBM, [112] formant ainsi une he´te´rojonction de type II eﬃcace. [24] Les excitons
cre´e´s aux interfaces entre les domaines de P3HT et PCBM se scindent directement
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en paires de charges1 sur des e´chelles de temps <150 fs [33–35] tandis que ceux
cre´e´s dans les domaines cristallins de P3HT diﬀusent a` ces interfaces a` l’inte´rieur
de 7 a` 10 ps. [35, 113] Les paires de charges ainsi forme´es sont se´pare´es spatialement
sur les 2 mole´cules, abaissant par le fait meˆme leur e´nergie de liaison a` ∼ 0.1−0.5
eV . [47, 114, 115] Puisque la longueur de diﬀusion des excitons dans le P3HT est
de l’ordre de ∼7-9 nm, [116, 117] il est important que la se´gre´gation des mole´cules
soit telle que l’exciton puisse trouver une interface pendant son court temps de
vie. Dans ce type d’he´te´rojonction, le P3HT joue a` la fois le roˆle de re´colter la
lumie`re et de conduire les trous, tandis que le PCBM se charge de la conduction des
e´lectrons. L’attraction coulombienne entre l’e´lectron et le trou formant les polarons
fortement lie´s favorise la recombinaison par rapport a` la se´paration comple`te en
charges se´pare´es. Pour cette raison, ces e´tats interme´diaires et sombres ont a` la
fois e´te´ qualiﬁe´s de de´trimentaires et de pre´curseurs pour la ge´ne´ration de charges
libres, mettant une fois de plus l’emphase sur l’importance de la compre´hension de
la physique aux interfaces donneur/accepteur. Notons qu’a` ce jour, il n’y a toujours
pas de consensus sur le me´canisme exact de dissociation des excitons et charges aux
interfaces.
Un re´sultat expe´rimental surprenant est qu’une pre´sence de polarons est aussi
observe´e sur des e´chelles de temps ultrarapides dans les ﬁlms de P3HT (sans ad-
dition de PCBM), [52, 113, 118] et la pre´sence de charges est diﬃcilement ex-
plicable e´tant donne´ l’e´nergie de liaison e´leve´e de l’exciton. L’observation de ces
espe`ces se fait ge´ne´ralement par spectroscopie d’absorption transitoire. Cette ex-
pe´rience de type pompe sonde utilise une impulsion laser pour exciter le mate´-
riau, cre´ant ainsi des espe`ces photoexcite´es (excitons, polarons). Une seconde e´tape
consiste a` envoyer une sonde, qui est en fait une lumie`re blanche a` large bande.
Les quasi-particules ainsi forme´es peuvent alors absorber cette lumie`re, produisant
1Diﬀe´rentes nomenclatures sont utilise´es pour de´crire ces paires de charges interfaciques : paire
de polaron lie´s, paire e´lectron-trou lie´, paire geminale de polarons
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par le fait meˆme un changement de la transmission de l’e´chantillon a` l’inte´rieur
de la bande interdite, aux longueurs d’onde ou` ces espe`ces absorbent. Le temps
de vie de ces espe`ces dans le P3HT :PCBM peut eˆtre largement supe´rieur a` la
nanoseconde. [113, 118, 119] Ohkita et coll. ont aussi observe´ dans un complexe
polyme`re/polyme`re de P3HT :F8BT que ces polarons peuvent subsister jusqu’a`
quelques microsecondes. [118]. La formation de polarons dans le P3HT rele`ve de la
morphologie complexe de ce polyme`re qui est constitue´ de domaines cristallins et
de re´gions amorphes. En eﬀet, certains ont stipule´ que la formation se fait dans des
domaines qui sont morphologiquement plus de´sordonne´s que les domaines cristal-
lins [34, 113, 120, 121]. D’autres ont re´ve´le´ que le taux de formation augmente avec
des impulsions d’e´nergie supe´rieure a` la bande interdite, [113] mettant l’emphase
sur le roˆle possible des excitons chauds a` la production de charges.
Ici, nous sommes inte´resse´s a` la recombinaison de ces polarons qui ge´ne`rent de
la photoluminescence a` long temps de vie (supe´rieur au temps de vie de l’exci-
ton singulet). Nous de´meˆlons ainsi la complexite´ du me´canisme de se´paration de
charge dans les ﬁlms de P3HT a` l’aide de me´thodes spectroscopiques de photo-
luminescence en fonction du temps et avec l’appui de simulations de dynamique
quantique. Dans les chapitres suivants, nous faisons un suivi des travaux du pre´sent
article en e´lucidant l’eﬀet de la microstructure sur la dissociation des excitons.
4.2 Techniques de photoluminescence re´solue en temps
Dans cet article, nous utilisons deux techniques qui nous permettent de sonder
la dynamique de PL du P3HT. La premie`re consiste a` exciter l’e´chantillon avec une
bre`ve impulsion dont la longueur d’onde peut eˆtre varie´e graˆce a` un ampliﬁcateur
parame´trique optique et re´colter la photoluminescence re´e´mise a` l’aide d’une ca-
me´ra a` balayage picoseconde. Les photons sont alors converti en e´lectrons sur une
photocathode a` l’entre´e de la came´ra et par la suite de´vie´s verticalement par un
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voltage applique´ entre une anode et une cathode. Les e´lectrons frappent alors un
e´cran de phosphore a` une position qui de´pend de leur temps d’arrive´e. La chuˆte de
tension entre l’anode et la cathode du tube de la came´ra se fait tre`s rapidement,
ce qui permet d’obtenir une re´solution expe´rimentale de l’ordre de quelques pico-
secondes. Pour e´tudier la dynamique a` des e´chelles temporelles supe´rieures, nous
utilisons plutoˆt une ICCD (”Intensiﬁed charge-coupled device”) dont la porte peut
eˆtre controle´e e´lectroniquement. La re´solution temporelle est infe´rieure a` celle de la
came´ra a` balayage picoseconde (∼ 5 ns), mais l’intensiﬁcateur nous permet d’aller
sonder la dynamique jusqu’a` des e´chelles de temps de l’ordre de la μs, ou` la PL est
tre`s faible.
4.3 Contribution originale de chaque coauteurs
Francis Paquin a fait l’e´laboration du montage expe´rimental et pris les mesures
de photoluminescence ultrarapides avec la came´ra a` balayage picoseconde ainsi
que les mesures d’anisotropie de photoluminescence et de de´pendance en ﬂuence.
Les mesures de photoluminescence re´solue en temps avec la ICCD ont aussi e´te´
prises par Francis Paquin et la mode´lisation faite par Gianluca Latini et Francis
Paquin. Les mesures d’excitation de la photoluminescence a` long temps de vie ont
e´te´ prises par Maciej Sakowicz et Francis Paquin. Les mesures d’eﬃcacite´ quantique
externe sur la diode a` base de P3HT ont e´te´ prises par Maciej Sakowicz. Les mesures
d’absorption transitoire ont e´te´ prises par Paul-Ludovic Karsenti et Francis Paquin.
Les mesures de photoluminescence en continu ont e´te´ prises par Francis Paquin.
Les calculs quantiques ont e´te´ e´labore´s par Linjun Wang et David Beljonne. Carlos
Silva a e´crit le manuscript en e´troite collaboration avec Francis Paquin.
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4.4 Abstract
We probe charge photogeneration and subsequent recombination dynamics in
neat regioregular poly(3-hexylthiophene) ﬁlms over six decades in time by means of
time-resolved photoluminescence spectroscopy. Exciton dissociation at 10K occurs
extrinsically at interfaces between molecularly ordered and disordered domains. Po-
laron pairs thus produced recombine by tunnelling with distributed rates governed
by the distribution of electron-hole radii. Quantum-chemical calculations suggest
that hot-exciton dissociation at such interfaces results from a high charge-transfer
character.
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4.5 Introduction
Unravelling primary electronic processes in polymeric semiconductors opens
a fundamental window to their materials physics. The steps to generate charge
by optical absorption are currently the subject of wide interest [47]. Here, we fo-
cus on charge generation and recombination dynamics in neat regioregular poly(3-
hexylthiophene) (P3HT). This semicrystalline polymer adopts π-stacked lamellar
microstructures in the solid state [7], leading to two-dimensional electronic disper-
sion [122]. Crystallinity induced by molecular organization inﬂuences profoundly
electronic properties, exempliﬁed by the high yield (η) up to 30% over ultrafast
timescales in P3HT ﬁlms at 300K [33, 123–126]. However, photoemission spectro-
scopy measurements place the energy for free polaron generation ∼ 0.7 eV above
the optical gap in neat P3HT [127]. Weak interchain electronic coupling in the la-
mellar architecture leads to a free-exciton bandwidth — the pure electronic band-
width due to dispersion neglecting coupling to vibrations — that is well below this
energy [60, 66, 128, 129]. Thus, are charges indeed generated intrinsically (directly
by photoexcitation due to the crystalline electronic structure) or extrinsically (due
to a driving force for exciton dissociation) ?
Charge photogeneration in neat P3HT has been studied previously by means
of transient absorption spectroscopy [124, 126], which measures directly the dy-
namics of nascent polarons. We implement time-resolved photoluminescence (PL)
spectroscopy at 10K to probe charge photogeneration and recombination dynamics.
Our strategy is to exploit the intricate detail of electronic structure, structural re-
laxation, and correlated disorder aﬀorded by the spectral bandshape of the PL
spectrum [60], over timescales where it is known that charge photogeneration is
important. We probe the recombination environment via the bandshape and de-
cay dynamics of delayed PL from charge-pair recombination, which also probes
the environment in which photogeneration occurs, since photoexcitations are fro-
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zen at 10K. We ﬁnd that charge generation occurs over sub-nanosecond times-
cales by dissociation of excitons created at interfaces between lamellar (aggregate)
and poorly stacked (non-aggregate) domains, driven by energetic disorder. Thus,
prompt charge photogeneration is an extrinsic process, and ﬁlm microstructure de-
termines the surface area and the energy landscape of interfaces between domains.
4.6 Experimental Methods
PL measurements were carried out with a 40-fs, 532-nm (2.33-eV) pulse train
derived from an optical parametric ampliﬁer (Light Conversion TOPAS), pumped
by a Ti :sapphire laser system (KMLabs Dragon). Time-resolved PL spectra were
measured with an optically-triggered streak camera (Axis-Photonique, 6-ps instru-
ment response). Alternatively, an intensiﬁed CCD camera (Princeton-Instruments
PIMAX 1024HB) was used. P3HT ﬁlms (Merck, Mw = 47.8 kg/mol, 150-nm thick)
were spun from trichlorobenzene solution (6% wt).
In P3HT ﬁlms, the PL spectrum is understood within the framework of a
weakly-coupled H-aggregate model [129], resulting from weak resonance-Coulomb
coupling (J) of transition moments aligned co-facially in neighboring polymer chains [66,
128]. In contrast, the absorption spectrum contains contributions from both the ag-
gregate and non-aggregate regions [129]. From the ratio of the (0,0) and (0,1) absor-
bance peaks [130] (see appendix.II, we estimate a free-exciton bandwidth (W = 4J)
of 100±3meV [129].
4.7 Results and Discussion
Fig. 4.1(a) displays time-resolved PL measurements at 10K. The PL spectrum
decays substantially over sub-nanosecond timescales, and it red-shifts by > 40meV
with weak evolution of the spectral bandshape. We examine in more detail this
spectral evolution in Fig. 4.1(b). Fig. 4.1(c) displays the early-time PL anisotropy,
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Figure 4.1 – (Color online) (a) Time-resolved PL spectrum (10K, 19 μJ cm−2 per
pulse). (b) Normalized slices of (a) at various times. (c) Time-resolved PL aniso-
tropy r at 10K (open circles) and at room temperature (dots). The horizontal line
indicates the average anisotropy between 20 and 600 ps.
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deﬁned as r= (I‖− I⊥)/(I‖+2I⊥), where I‖(⊥) is the instantaneous PL intensity pa-
rallel (perpendicular) to the linear polarization of the pump pulse. At 10K (open
circles), r decays to 0.22± 0.03 within the instrument response of several picose-
conds due to exciton self trapping in the photophysical aggregate [131, 132], and
does not evolve further on a sub-nanosecond window. In contrast, r decays to zero
after 500 ps at room temperature. PL anisotropy decay is a signature of exciton
diﬀusion [133], so at 10K, excitons are immobile over the timescale of the dynamic
red shift in Fig. 4.1(a). Another possibility could be relaxation of excess vibrational
energy following ultrafast excitation of the sample. Parkinson et al. have reported
that torsional relaxation of the backbone leads to more cofacial lamellar structures
(more extended correlation of site energies in the aggregate [60]), leading to a dyna-
mic loss of (0,0) intensity over ∼ 13 ps at 300K [134]. We do not observe signiﬁcant
relaxation of the (0,0) relative intensity over the timescale of Fig 4.1(a). Further-
more, upon increasing the temperature even slightly, the steady-state PL spectrum
broadens signiﬁcantly at 10K [129], so we rule out thermal relaxation. We suggest
that the dynamic spectral red-shift of the PL spectrum results from an evolving
electric ﬁeld distribution [135] from photogenerated charges in the aggregate, which
is consistent with charge photogeneration yields reported in the literature and our
own transient absorption measurements (see appendix.II). If so, charges are ge-
nerated over all timescales spanning 1 ns, by a mechanism not involving exciton
diﬀusion.
We next consider delayed PL dynamics due to charge recombination. Fig. ??(a)
displays time-gated PL spectra at 10K. After a few nanoseconds, the aggregate
spectrum is superimposed with a broader component (see appendix.II) with simi-
lar dynamics to those of the H aggregate since this composite bandshape persists
over microseconds. While we know that the aggregate spectrum arises from lamel-
lar stacks, we conjecture that the featureless spectrum arises from non-aggregate
regions. It is reminiscent of red-emitting species found in amorphous polymer ﬁlms,
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often referred to as excimers [136]. From the delayed PL bandshape in Fig. ??(a),
we conclude that recombination occurs at the interface between H-aggregate and
non-aggregate regions, and can populate either species.
The total PL intensity decays exponentially over picosecond timescales, but
asymptotically as a power law (I(t) ∝ t−1.54) for times much longer than the exci-
ton lifetime (Fig. ??(b)). This behavior can arise from unimolecular charge recom-
bination [137] or by triplet bimolecular annihilation [138, 139]. We ﬁnd that the
delayed PL intensity varies linearly with the pump ﬂuence (see appendix.II), which
permits us to assign the power-law decay to exciton regeneration by charge recom-
bination with a distribution of rates, as the other two possibilities would lead to a
non-linear ﬂuence dependence. The power-law decay is independent of temperature
(see appendix.II), suggesting recombination by tunnelling. We note that we cannot
reproduce the measured time-resolved PL intensity as a simple superposition of a
multiexponential and an asymptotic power-law decay, as the time window spanning
1–10 ns features a PL decay over nearly three orders of magnitude that deviates
signiﬁcantly from either decay function (Fig. ??(b)). This indicates that the two PL
decay phenomena are not independent, but that one decay regime evolves into the
other, with competing kinetics on nanosecond timescales. By integrating the PL
intensity over timescales where the decay is non-exponential, we ﬁnd that ≥ 12% of
the time-integrated intensity is accounted for by slow recombination. This reﬂects
a signiﬁcant density of charge pairs.
Based on the results of Figs. 4.1 and ?? and building upon previous reports [33,
123–126], we construct the following photophysical picture, depicted schematically
in Fig. ??(c). Upon photoexcitation, charge pairs are generated with eﬃciency η ,
and the rest of the population relaxes to self-trapped excitons x in <1 ps [132].
These decay to the ground state with rate constant Γx, or charge-separate with
rate constant Γct . Charge pairs may recombine to regenerate x with a temporal
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distribution R(t). Thus,
dx
dt
=−(Γx+Γct)x+ηR(t)+
∫ t
0
Γctx(t ′)R(t− t ′)dt ′. (4.1)
Assume a distribution of charge-pair distances f (r) = εe−εr. The tunnelling rate is
k(r) = νe−β r and its time distribution is R(t) =
∫ ∞
0 f (r)k(r)e
−k(r)t dr. With x(0) =
1−η , the Laplace transform of eq. 4.1 is
xˆ(s) =
1−η +ηRˆ(s)
s+Γx+Γct
[
1− Rˆ(s)] , (4.2)
where Rˆ(s) = μ
∫ ∞
0 e
−(1+μ)χ/(s/ν + e−χ)dχ , χ = β r, and μ = ε/β . The model pre-
dicts biphasic dynamics with PL intensity, I(t)∝Γxx(t), evolving as I(t)∝ exp(−Γxt)
at short times and as I(t)∝ t−(1+μ) at long times. We evaluate eq. 4.2 as described
elsewhere to recover I(t) [140].
The most robust parameter in this model is the ratio of the characteristic
electron-hole separation (ε) and the distance dependence of charge tunnelling (β ) :
μ = ε/β = 0.54± 0.08, as it deﬁnes uniquely the slope of the power-law decay at
long times. Hence, ε ≈ 0.54β ; a signiﬁcant fraction of charge pairs do not recombine
in the microsecond timescale, as the tail of f (r) extends beyond the characteristic
lengthscale of k(r). The charge-pair population is expected to survive on much lon-
ger timescales, which is consistent with reports of a high residual charge density in
P3HT at steady state [141, 142].
We next consider η . We cannot extract it uniquely from the model, as it is
coupled to Γct . Both parameters aﬀect the amplitude of the power-law decay wi-
thout altering the decay rate. We probe the range of η that is consistent with the
literature, and explore the consequences on Γct . With Γx = 1.23 ns−1 (ﬁxed by the
slow part of the bi-exponential decay in Fig. 4.1(a)) and with ν = 4.37× 1013 s−1
(corresponding to the frequency of the aromatic C—C stretch measured by Raman
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spectroscopy [143]), we ﬁnd that if we set η = 3%, we require Γct = 0.35±0.05 ns−1,
but if η = 30% we can reproduce the data with Γct = 0. With η = 40%, we can
no longer obtain a satisfactory ﬁt of the amplitude of the power-law component,
which is over-estimated. We have interpreted the dynamic red shift of the PL spec-
trum (Fig. 4.1) as a consequence of an evolving electric ﬁeld on the subnanosecond
timescale, which is comparable to the exciton lifetime. In order to rationalize our
time-resolved spectroscopic data, we therefore consider that ΓctΓx, which from the
modelling, would imply that η < 10% in the solid-state microstructure of our ﬁlms.
If the two slow-decaying emissive species in Fig. ??(a) are due to regeneration
of aggregate and non-aggregate excitations by charge tunnelling, we propose that
charges are initially generated at the interface between the two domains. To explore
this further, we have carried out quantum chemical calculations [144] on a stack of
ten oligothiophene chains (Fig. 4.2(a)) to represent the crystalline moieties in the
higher molecular-weight (i.e. longer chain) P3HT used in our experimental study.
We note higher conformational disorder at the top/bottom of the stack, leading to
a higher excitation energy in those regions compared to the center (Fig. 4.2(b)).
Fig. 4.2(c) displays the calculated absorption spectrum in a given conﬁguration.
For all stack conﬁgurations studied, we always observe a shoulder at ∼ 2.7 eV on
the blue side of the main absorption band at ∼ 2.4 eV. (Note that these energies
are overestimated, but the ∼ 0.3 eV diﬀerence is meaningful.) The excited states
that are generated in this spectral region are quasi-degenerate with the lowest-lying
charge-transfer (CT) states, shown by the superimposed plot of CT character as a
function of excitation energy. We can identify three regimes of the spatial distri-
bution of transition densities, shown in Fig. 4.2(d). The excitation with the lowest
transition energy (I) is always conﬁned to the center of the stack over two to three
sites as a result of disorder and is weakly emissive (H aggregate) ; the intermediate
excitation (II) carries most of the oscillator strength and is delocalized in the cen-
ter of the stack ; the higher-lying excitation (III) is dominated by conformationally
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Figure 4.2 – (Color online) (a) Snapshot of an aggregate architecture (15-mers
in a 10-chain stack [144]). (b) Average site excitation energy (uncertanty is the
variance), averaged over many excited-state calculations on isolated conformers
extracted from the stack. (c) Absorption spectrum for one conﬁguration of the full
stack superimposed to the corresponding CT character. (d) Transition densities
(ground-state – excited-state overlap) for excitations of increasing energy.
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disordered chains at the ends of the stack, but it communicates with chains in the
center so that charge separation of these higher-energy states is possible. In our
measurements, we excite ∼ 0.3 eV above the (0,0) absorption, placing us at the
limit of CT excitation predicted by Fig. 4.2(c). We have measured the delayed PL
excitation spectrum, shown in Fig ??(d). This reveals that excitation on the edge
of the component of the absorption spectrum due to less ordered or amorphous
species enhances the delayed PL yield, consistent with the signiﬁcant CT character
of excitons at these photon energies. Photocurrent measurements reveal that a fur-
ther 0.4-eV energy is required to produce charge carriers (Fig. ??(d)), underlining
that our delayed PL measurements probe recombination of tightly-bound geminate
polaron pairs (not carriers) produced by excitation with energies 3 eV. Deibel et al.
reported that 0.42-eV excess energy above the optical gap is required to produce
polaron pairs, and then a further 0.3 eV to generate photocarriers [127], consistent
with our ﬁndings.
We have presented compelling evidence that excitons with suﬃcient energy
dissociate extrinsically near interfaces between molecularly organized and less or-
ganized domains, underlining the importance of the disordered energy landscape.
This competes with dissociation at heterojunctions in photovoltaic diodes [47].
CHAPITRE 5
MULTI-PHASE SEMICRYSTALLINE MICROSTRUCTURES
DRIVE EXCITON DISSOCIATION IN NEAT PLASTIC
SEMICONDUCTORS
5.1 Contexte de l’article
Dans ce chapitre, nous e´tablisson un pont entre le taux et la dynamique de
recombinaison des paires de polarons forme´s suite a` une excitation optique et la
microstructure confe´re´e par le poid mole´culaire et les proce´de´s de fabrication. Les
ﬁlms cre´e´s directement a` l’e´tat solide, par pressage du polyme`re entre deux sub-
strats de verre, sont hautement cristallins et indiquent des mobilite´s de charge
jusqu’a` 3 ordres de grandeur supe´rieures a` ceux cre´e´s a` partir de solution, [145]
mais avec un taux de formation nettement infe´rieur a` ce qui est mesure´ dans ces
derniers. [18] Dans un premier temps, nous cherchons a` controˆler l’aire d’interface
entre les re´gions cristallines et les domaines amorphes pour ainsi observer l’inﬂuence
de la microstructure sur le taux de paires de charges forme´es. En second lieu, nous
appliquons le mode`le dynamique pre´sente´ au chapitre pre´ce´dent, ce qui nous per-
met de sonder la dynamique de recombinaison des paires de polarons en associant
la pente de la recombinaison en loi de puissance a` long temps de vie a` la distance
caracte´ristique entre l’e´lectron et le trou qui forment cette paire.
5.2 Contribution originale de chaque coauteurs
Francis Paquin a pris tous les re´sultats expe´rimentaux et fait l’analyse de ceux-
ci a` l’exception des mesures de diﬀraction par rayons-x qui provient de Jonathan
Rivnay. Carlos Silva et Francis Paquin ont e´crit l’article et tous les coauteurs ont
apporte´s leurs commentaires.
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5.3 Abstract
The optoelectronic properties of macromolecular semiconductors depend fun-
damentally on their solid-state microstructure. For example, the molecular-weight
distribution inﬂuences polymeric-semiconductor properties via diverse microstruc-
tures ; polymers of low weight-average molecular weight (Mw) form unconnected,
extended-chain crystals, usually of a paraﬃnic structure. Because of the non-
entangled nature of the relatively short-chain macromolecules, this leads to a po-
lycrystalline, one-phase morphology. In contrast, with high-Mw materials, where
average chain lengths are longer than the length between entanglements, two-
phase morphologies, comprised of crystalline moieties embedded in largely unor-
dered (amorphous) regions, are obtained. We investigate charge photogeneration
processes in neat regioregular poly(3-hexylthiophene) (P3HT) of varying Mw by
means of time-resolved photoluminescence (PL) spectroscopy. At 10K, PL origina-
ting from recombination of long-lived charge pairs decays over microsecond times-
cales. Both the amplitude and decay rate distribution depend strongly on Mw. In
ﬁlms with dominant one-phase chain-extended microstructures, the delayed PL is
suppressed as a result of a diminished yield of photoinduced charges, and its de-
cay is signiﬁcantly faster than in two-phase microstructures. However, independent
of Mw, charge recombination regenerates singlet excitons in torsionally disordered
chains forming more strongly coupled photophysical aggregates than those in the
steady-state ensemble, with delayed PL lineshape reminiscent of that in paraﬃnic
morphologies at steady state. We conclude that highly delocalized excitons in di-
sordered regions between crystalline and amorphous phases dissociate extrinsically
with yield and spatial distribution that depend intimately upon microstructure.
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5.4 Introduction
Understanding how the solid-state microstructure of neat polymeric semicon-
ductors inﬂuences their photophysical proprieties is of fundamental importance
in plastic optoelectronics. For example, state-of-the-art organic solar cells rely on
so-called bulk heterojunctions, in which electron acceptors (typically fullerene deri-
vatives) are blended in a π-conjugated polymer matrix, which acts as the electron
donor. The resulting solid-state microstructures can be fantastically complex, typi-
cally involving multiple phases that consist of crystalline and amorphous domains
rich in each component, and potentially co-crystallized and inter-mixed amorphous
phases [146–148]. The details of the disordered energy landscape that drives elec-
tronic processes such as charge separation depend intimately on the solid-state
microstructure, and speciﬁcally on how structure on mesoscopic lengthscales leads
to order on molecular lengthscales.
In this communication, we address this issue focusing on exciton dissocia-
tion and recombination processes in neat, regioregular P3HT. In a previous let-
ter [149], we reported that tightly bound geminate-polaron pairs are formed on
sub-picosecond timescales following ultrafast photoexcitation, which subsequently
recombine by tunnelling over distributed timescales, producing delayed PL. We spe-
culated that these are generated in intermediate regions between crystalline and
amorphous phases, and that the recombination dynamics depend upon the local
energy landscape in these regions. In order to develop this hypothesis, we present
here time-resolved PL measurements in neat P3HT ﬁlms of Mw ranging over 12–
331 kg/mol. For Mw 40 kg/mol, polycrystalline one-phase morphologies dominate
in solution-processed ﬁlms (Fig. 5.1(a)) [150–152]. For similar processing, material
of Mw 50 kg/mol produces complex two-phase architectures, in which crystalline la-
mellae are embedded in largely amorphous regions (Fig. 5.1(b)) [153]. Independent
of Mw, predominantly chain-extended microstructures are achieved by pressing the
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polymer in the solid state (Fig. 5.1(c)) [145, 154]. Therefore, by choice of mole-
cular weight and processing route, solid-state microstructures ranging from one-
phase polycrystalline through semicrystalline (two-phase) P3HT architectures can
be prepared. We ﬁnd that indeed exciton dissociation is favoured by the disor-
dered landscape at gradual interfaces between crystalline and amorphous regions,
with a yield of photoinduced charges that depend on the solid-state microstructure.
Furthermore, as the disorder along the π–π stacking direction increases, the mean
electron-hole separation increases, leading to a slower distribution of charge recom-
bination times. Our conclusions on neat P3HT help shed light on how structural
and energetic disorder plays a role in driving excitonic processes in more complex
systems, such as the class of bulk heterojunction structures. More generally, our
work provides a general fundamental link between organic-semiconductor photo-
physics and classical polymer science.
5.5 Results and analysis
Fig. 5.2 shows time-resolved PL spectra for both solution processed (panels a
and b) and solid-state processed (panels c and d) ﬁlms at time delays indicated
in each panel. With the shortest temporal gate of our detector (5 ns, Fig. 5.2(a)),
the solution-processed ﬁlms display spectral lineshapes that depend on Mw. Over
this short gate window, we measure the integrated PL intensity over the exciton
intrinsic lifetime in neat P3HT [149], and the gated PL spectra therefore reﬂect the
same ensemble properties as steady-state PL spectra. As Mw increases, two clear
trends in the prompt PL spectral lineshapes are evident : (i) the relative ampli-
tude of the 0–0 peak at 1.88 eV, when spectra are normalized to the 0–1 feature
at 1.70 eV, increases at high Mw ; (ii) the eﬀective Huang-Rhys parameter, here
deﬁned as λ 2eﬀ = 2I
0−2/I0−1, decreases from λ 2eﬀ = 1.5± 0.2 at Mw = 12 kg/mol to
λ 2eﬀ = 0.9± 0.1 at Mw = 348 kg/mol. In a separate publication, we have reported
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Figure 5.1 – Schematic of diﬀerent solid-state microstructures adopted by the ﬁlms
studied in this work. (a) P3HT of low Mw leads to isolated, unconnected extended-
chain crystals, forming polycrystalline one-phase morphologies. In this regime, the
chain length is shorter than the threshold for chain entanglement, Me. Any parti-
cular oligomer chain (e.g. that highlighted in blue) is a building block of only one
crystal on average. (b) P3HT of high Mw, where chain lengths exceed Me, leads to
a two-phase microstructure, in which crystalline lamella are embedded in largely
amorphous regions that result from chain entanglements in the liquid state, which
hinder molecular ordering during solidiﬁcation [153]. Individual polymer chains
may serve as tie molecules connecting diﬀerent crystals through amorphous regions
(highlighted in blue). (c) By pressing the polymer powder at temperatures below
the melting point Tm, the lamellar crystal thickness is enlarged, thereby inducing
predominantly chain-extended morphologies that depend weakly on Mw.
steady-state PL spectra of solution-processed P3HT thoughout this range of Mw,
and modelled the spectral lineshape evolution with Mw within the framework of a
photophysical aggregate model taking into account both intra- and intermolecular
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Figure 5.2 – Time-gated photoluminescence spectra measured at 10K. Prompt
(a) and delayed (b) spectra for solution-processed ﬁlms of diﬀerent weight-average
molecular weight, indicated in the legend of part a, are displayed. Panels (c) and
(d) display prompt and delayed PL spectra, respectively, for solid-state-processed
ﬁlms of the same materials as those in the solution-processed ﬁlms. The time delay
after excitation is indicated in each panel. In all panels, the spectra were normalised
to have equal intensity at 1.70 eV, the energy of the 0–1 vibronic peak.
electronic dispersion [64]. The 0–0/0–1 ratio depends entirely on the intrachain ex-
citonic (resonance-Coulomb) coupling [155, 156], and λ 2eﬀ reﬂects the degree of tor-
sional disorder along the chain backbone [64]. The interchain excitonic coupling de-
creases abruptly for Mw ≥ 50 kg/mol [64, 157]. This coincides with a transition from
a one-phase microstructure (Fig. 5.1(a)) to a two-phase one (Fig. 5.1(b)) [150–152].
The abrupt transition in excitonic coupling around Mw ∼ 50 kg/mol inﬂuences the
exciton coherence length derived from steady-state PL spectra [64] : in the low-Mw
regime, the exciton coherence length is larger along the π-stack direction than in
the high-Mw regime. Concomitantly, As Mw increases, polymer chains constituting
the lamellar lattice are on average more planar as they are sterically less inﬂuenced
by chain ends, and more susceptible to neighbouring chains in the π stack [152].
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Therefore, the decrease of λ 2eﬀ and increase of the 0–0/0–1 PL ratio with increa-
sing Mw is consistent with longer, more torsionally ordered, planar chains with
decreasing interchain excitonic coupling. The time-resolved PL spectral lineshapes
in Fig. 5.2(a) reproduce the steady-state PL specra reported previously [64], and
we interpret this trend accordingly.
On longer time windows, we observe delayed PL assigned to recombination of
geminate charge pairs over distributed timescales [149], Fig. 5.2(b). In all of the
samples, the relative 0–0 intensity is lower than that on short time windows, and it
depends weakly on Mw. In fact, in all samples, the relative 0–0 intensity resembles
that in the steady-state spectrum of ﬁlms of the lowestMw. Furthermore, the Huang
Rhys parameter is also similar in the delayed PL spectra of all samples, at λ 2eﬀ∼ 1.5,
again reminiscent of that in the lowest Mw sample at early time (Fig. 5.2(a)) and
at steady state [64]. This suggests that slow charge recombination events popu-
late a sub-ensemble that is always characterized by a microstructure similar to the
average bulk one in the lowest Mw sample, characterized by higher interchain exci-
tonic coupling and higher intrachain torsional disorder than the broader ensemble
of emitters over the fast gate window, resulting in longer interchain spatial cohe-
rence and more limited intrachain one. This points at the Mw independence of the
microstructure hosting charge recombination, which we have argued is the same
environment as the charge separation environment at 10K [149]. We can there-
fore conclude that charge separation occurs in regions with highest conﬁgurational
disorder, which resemble low-Mw average microstructures, in all samples.
In the solid-state processed samples, in which a chain-extended conformation
is forced on the polymer ﬁlm, both the prompt (Fig. 5.2(c)) and the delayed
(Fig. 5.2(d)) PL spectra display very weak relative 0–0 intensity. Self-absorption in
these considerably thicker ﬁlms cannot be ruled out easily, which complicates at-
tempts to analyze the 0–0 relative intensity. Importantly, the spectral lineshape at
lower energies is similar for prompt and delayed PL at all Mw, in contrast to those
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in the solution-processed samples discussed above. The eﬀective Huang-Rhys para-
meter is more akin to that in the highest Mw ﬁlm for all samples, namely λ 2eﬀ ∼ 1,
which is suggestive of a more torsionally ordered recombination environment in
all solid-state processed ﬁlms compared to solution-processed counterparts. These
observations are consistent with a signiﬁcant reduction of the disordered regions
near chain entanglements that we conclude are responsible for geminate polaron
pair generation in solution-processed ﬁlms.
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Figure 5.3 – Time-resolved photoluminescence intensity measured at 10K. The
weight-average molecular weight is indicated in the ﬁgure for both solution (a) and
solid-state processing conditions (b). The intensity was determined by integrating
time-resolved spectra such as those displayed in Fig. 5.2. The data were normalised
to have equal intensity at a 1-ns delay.
In order to quantify diﬀerences in geminate-pair generation and recombina-
tion kinetics, we consider the evolution of the spectrally integrated PL intensity.
Fig. 5.3(a) shows time-resolved PL intensity of solution-processed ﬁlms of diﬀerent
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Mw, measured at 10K. We have previously assigned the long power-law component
to distributed recombination of geminate-polaron pairs [149]. Here, we observe a
marked dependence of the power-law decay kinetics on Mw ; the long-lived emission
amplitude increases signiﬁcantly (> 40% of total PL intensity) for the sample with
Mw = 348 kg/mol, relative to that in ref. [149] (Mw = 48 kg/mol ; > 12% delayed
PL intensity). The increased delayed PL intensity with increasing Mw is accompa-
nied by a slow-down of the power-law decay. While the power-law decay kinetics
are dramatically diﬀerent in the diverse solid-state microstructures arising from
solution processing, they are weakly dependent on Mw in the solid-state proces-
sed ﬁlms (Fig. 5.3(b)). These show a signiﬁcant decrease in the amplitude of the
power law for all Mw studied, as well as an increase of the decay rate with respect
to solution-processed ﬁlms. The delayed PL dynamics are profoundly diﬀerent by
solid-state processing (Fig. 5.1(c)). In these, the surface area of photophysical ag-
gregate and non-aggregate phases is reduced in all samples regardless of molecular
weight, leading to a substantial reduction in the geminate pair yield, as the volume
of conformationally disordered regions is reduced substantially.
We now consider the evolution of the slope of the power-law decay with Mw in
greater detail. To explain the time-resolved PL intensity decay, we have invoked a
model which accounts for rapid branching between bright excitons and dark gemi-
nate polaron pairs following photoexcitation, followed by a distribution of times for
recombination [149]. The initial exponential component thus arises from relaxation
of the emissive state during the excited-state lifetime, while the power-law com-
ponent results from regeneration of excitons via recombination of geminate polarons
with a distribution of rates. The absence of any marked temperature dependence
in the power-law decay suggests that recombination of geminate pairs occurs via
tunnelling of charges on distinct polymer chains, such that the recombination rate
constant is exponentially distance-dependent, k(r) ∝ e−β r. Furthermore, following
Tachiya and Seki [158], we assumed an exponential distribution of geminate-pair
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Figure 5.4 – (a) Power-law decay parameter μ (left axis) and delayed PL re-
lative intensity (right axis) versus Mw. The parameters are obtained by ﬁtting
the long-time time-resolved PL data such as that displayed in Fig. 5.3 to a po-
wer law in the form I ∝ t1+μ , with the delayed PL intensity corresponding to
the power-law amplitude. Within the model invoked here, μ represents the ra-
tio of the characteristic geminate-pair radii and the distance dependence of the
charge recombination rate. A linear ﬁt to μ(Mw) has intercept 0.66± 0.03 and
slope (−1.37± 0.16)× 10−3 mol/kg. A linear ﬁt to the delayed PL intensity data
has intercept 10 and slope 0.099. (b) Paracrystalline disorder g and π–π stacking
distance dπ−π versus Mw, derived from wide-angle X-ray scattering measurements.
Disorder in dπ−π is quantiﬁed by g.
separation for the purposes of modelling, f (r) = εe−εr. Within this model, the wai-
ting time distribution for recombination is determined by these spatial functions,
R(t) =
∫ ∞
0 f (r)k(r)e
−k(r)dr. The long-time PL decay is governed by geminate-pair
recombination events, and is functionally of the form I(t  τ) ∝ t1+μ , where τ is
the excited-state lifetime and μ ≡ ε/β . Thus, if the characteristic electron-hole
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separation ε in the distribution f (r) increases, or if β decreases, μ increases and
the power-law decays more slowly. We show the dependence of μ on Mw in the
solution-processed ﬁlms in Fig. 5.4(a), which shows a marked apparently linear
decrease with increasing Mw.
In order to explore the trend in μ by considering the evolution of lamellar struc-
ture with Mw, we have calculated the paracrystalline disorder parameter, g, in the
π-stacking direction, which is the standard deviation in the π-stacking distance
as a percentage of the mean lattice spacing (the π-stacking distance) [159, 160].
Therefore, gπ is directly related to structural disorder in the inter-chain distance
along the stack. Through peak shape analysis of the principal and higher order
π-stacking diﬀraction peaks, deconvolution of the eﬀects of cumulative lattice di-
sorder and ﬁnite crystallite size is possible using a model based on that of Warren
and Averbach [161, 162]. This allows us to rank structural disorder quantitati-
vely, from a perfectly ordered crystalline lattice (g = 0%) to an amorphous one
(g≥∼ 10%). It has been shown that for semicrystalline polymers, especially those
of high molecular weight, the inﬂuence of paracrystalline disorder (g) dominates the
peak shape, thus allowing for single peak-width estimation of g [160] Fig. 5.4(b)
shows an increase in g with Mw from ∼ 6.5% to > 8% at Mw > Me. It should be
noted that for low Mw oligomers, the observed diﬀraction line shapes have an in-
creased contribution from ﬁnite size eﬀects, causing the single peak-width estimate
to loose accuracy. Nevertheless, full peak shape analysis of 3HT-oligomers reveals
the g value from a full ﬁt is less than a factor of two diﬀerent from that of the
estimate, and that the estimate is indeed an overestimation of the π-stacking di-
sorder for oligomeric materials [163], meaning that transition at the entanglement
threshold is realistically more pronounced than that shown in Fig. 5.4(b). In addi-
tion to the molecular weight dependence of the π-stacking (intermolecular) order,
we also extract the inter-chain distance and observe a slight decrease (< 2%) with
increasing Mw, which is faster than the linear decrease in μ . We thus ﬁnd that
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in the regime of higher paracrystalline disorder in the π-stacking direction, μ is
lowest, reﬂecting an increase in characteristic electron-hole separation. Hence, as
Mw increases, the average electron-hole separation increases as well, leading to a
broader distribution of electron-hole recombination rates and a slower power-law
PL decay. We attribute this development to an increase in interface area between
crystalline and amorphous phases, where the disordered energy landscape is more
complex than in crystalline domains.
It is useful to attempt to quantify the characteristic electron-hole separation
in diﬀerent samples based on Fig. 5.4. We do not have a reliable measurement
of β in this class of materials, but assuming that β ∼ 1 A˚−1, which is typical for
charge tunnelling in molecular systems [164], then characteristic geminate-pair radii
vary from ε−1 = 1.5 A˚ for ﬁlms made from 12 kg/mol materials, to 6.7 A˚ for those
fabricated from 348 kg/mol material. For π–π stacking distances in these samples,
∼ 3.8 A˚, this implies that the average electron-hole separation is less than one
nearest-neighbour distance in the lowest Mw samples, and more than one nearest-
neighbour distance in the highest Mw samples. The paracrystalline disorder thus
correlates with the average radius and yield of geminate-polaron pairs, underlining
the inﬂuence of structural disorder and exciton dissociation processes.
5.6 Discussion
The key results of the previous section are that (i) the amplitude of delayed PL
contribution to the integrated PL intensity increases systematically with increasing
Mw in solution-processed ﬁlms (Fig. 5.3(a)), but drops dramatically in solid-state
processed ﬁlms independent of Mw (Fig. 5.3(b)) ; (ii) although both the prompt
PL spectral lineshape (Fig. 5.2(a)) and the delayed PL decay kinetics (Fig. 5.3(a))
depend unambiguously on Mw in solution-processed ﬁlms, there is a striking inde-
pendence of the delayed PL spectral lineshape on Mw (Fig. 5.2(b)).
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The platform to discuss these observations is our preliminary report in which
we concluded that geminate polaron pairs are generated on fast timescales with
respect to the exciton lifetime, without signiﬁcant exciton diﬀusion, and that these
recombine in a distribution of times by quantum tunnelling in the same region
in which they were generated [149]. Observation ( i) establishes that as the solid-
state microstructure evolves from a polycrystalline morphology (Fig. 5.1(a)) to a
two-phase one featuring a higher contribution of chain-entangled, amorphous conﬁ-
gurations (Fig. 5.1(b)), the yield of photoinduced geminate polaron pairs increases,
and the radial distribution (the distance between the centre of mass of the electron
and hole) increases as well. When the microstructure is forced to be predominantly
chain-extended by solid-state processing (Fig. 5.1(c)), both the yield and radius
distribution of geminate polarons decreases dramatically for all values of Mw. Fur-
thermore, observation ( ii) establishes that while the contribution of amorphous
phases is important for the charge generation yield, states that are re-populated
by geminate-pair recombination are characteristic of photophysical aggregates in
the lamellar phases, but these aggregates are deﬁned by a high degree of torsional
disorder and high average interchain excitonic coupling, evident from the spectral
lineshape of delayed PL [64]. Therefore, we conclude that the polymer conforma-
tions that constitute regions between ordered crystals and amorphous phases are
key in the geminate polaron pair photogeneration mechanisms in neat P3HT. The
microstructure dependence on the yield and radius distribution of charge photo-
generation that we demonstrate in this communication is likely to be general to
semicrystalline semiconductor polymer ﬁlms. In fact, Labastide et al. showed that
P3HT nanoparticles formed by processing from aqueous solution show a marked de-
pendence of delayed PL dynamics with particle size [165], with μ increasing with
increasing particle diameter, suggesting important microstructure evolution with
particle spatial characteristics.
A fundamentally important question that emerges from this interpretation is :
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what is the mechanism of this fast branching between self-trapped excitons and ge-
minate polaron pairs in these complex microstroscures ? A starting consideration is
that as this is a neat π-conjugated polymer system and as such is characterized by
highly bound Frenkel excitons at equilibrium, there should be no signiﬁcant driving
force for exciton dissociation in the absence of molecular electron acceptors such
as fullerene derivatives or chemical defects. In fact, at steady state, the interchain
exciton coherence length across the entire Mw range studied here varies by only
∼ 20% [64]. The vibrationally dressed exciton density, that is, the electronic excita-
tion that is largely localised on a single chain with the vibrational lattice distortion
dressing it, spans 2–4 chains at equilibrium, depending on Mw. Nevertheless, pola-
ron signatures have also been reported in P3HT neat ﬁlms [33, 123, 125, 166, 167]
and nanoparticles [165] by diverse groups. A possible explanation is that nascent
excitons experience substantially longer spatial coherence across diﬀerent chains
on ultrafast timescales [168]. This phenomenon has been invoked to account for
ultrafast charge separation in polymer heterostructures [169–171]. On ultrashort
(<< 100 fs) timescales, bath-induced quantum coherence between Frenkel-exciton
and delocalized charge-transfer states is possible [172], and its dynamics would be
correlated to the dynamic motion of the molecular framework [173]. Transient co-
herent photoexcitations would branch into the self-trapped excitons inferred from
steady-state PL spectra [64], or into geminate polaron pairs, on ultrafast timescales
corresponding to decoherence dynamics. The excitation spectrum of delayed PL de-
monstrates that exciting into states that do not constitute photophysical aggregates
in the ground state (> 2.4 eV) enhances the delayed PL yield [149], and the role
of delocalized charge-transfer states coherently coupled to exciton states could be
the origin of that phenomenon. Here, the excitation photon energy employed in our
measurements is 2.33 eV, which is close to the isosbestic point between photophysi-
cal aggregate and non-aggregate absorption [174]. Previous ultrafast PL studies on
P3HT ﬁlms have pointed out the even upon excitation with ∼ 3-eV photon energy,
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well into the non-aggregate absorption range, the transient PL spectrum is charac-
teristic of photophysical aggregates within the experimental instrument response,
typically ∼ 100 fs [169]. This indicates that even upon excitation well into energy
ranges in which chromophores do not ‘feel’ signiﬁcant intermolecular coupling in
the ground state, photoexcitations rapidly relax into photophysical aggregates, on
timescales much faster than vibrational relaxation of the chains (whose signatures
are evident from transient PL spectra on > 10-ps timescales [175]). Hot photoexci-
tations are argued by some to play a crucial role in driving photocarrier generation
at polymer donor-acceptor heterojunctions used in photovoltaic diodes [176, 177],
and at times << 100 fs the fate of hot excitons in complex multi-phase P3HT ﬁlms
could mirror that of excitons near heterojunctions in photovoltaic blends. Note
however, that we clearly generate tightly bound geminate polaron pairs in neat
P3HT, not photocarriers [149], in contrast to polymer blends optimized for photo-
voltaic diodes. The process of full charge separation at heterojunctions is distinct
from photoexcitation relaxation in neat polymer ﬁlms ; here we only argue that
the nature of the transient coherent excitation following the ﬁrst few femtoseconds
after light absorption, and the local chain conformations hosting them, might be
what drives branching into predominantly charge-transfer-like excitations. Direct
spectroscopic probes of spatial coherence of these highly transient states remains an
important challenge for the ultrafast spectroscopy community concerned with the
photophysics of plastic semiconductors, but may be probed by multidimensional
spectroscopies [178].
Perhaps a more banal but plausible explanation of the microstructure depen-
dence of delayed PL phenomena reported here involves chemical defects, likely
arising from photo-oxidation of P3HT. Majewski et al. have reported that degra-
dation of ﬁeld-eﬀect transistors based on P3HT show marked kinetics depending on
processing conditions, and attributed the diﬀerences to the extent to which water
and oxygen diﬀuse to crystalline/amorphous interfaces due to diﬀerences in micro-
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structure [179]. As the volume fraction of amorphous regions of the ﬁlm increases
with Mw, it is possible that the density of dopants at interfaces also increases,
producing a higher amplitude of delayed PL in our samples. We cannot rule out
this possibility, although it is unclear why the decay kinetics would depend on
Mw in this scenario. However, even if dopant-induced quenching accounts to a sub-
stantial extent for the delayed PL dynamics reported here, the same fundamental
semiconductor polymer science issues stand : there is a clear relationship between
solid-state microstructure and exciton quenching dynamics, and two-phase micro-
structures enhance this process due to the complex energy landscape intrinsic to
these disordered architectures. This complexity can then be generalized to binary
systems involving electron acceptor moieties.
Reid et al. reported time-resolved microwave conductivity measurements on the
same Mw series and processing routes (Fig. 5.1) as reported here [157], allowing di-
rect comparison with this work. Those measurements were carried out at room
temperature and probe photocarriers, in contrast to the tightly-bound charge pairs
probed by our delayed PL measurements at 10K [149]. Nevertheless, that data
show that the yield of photocarriers increases with increasing molecular weight in
the paraﬃnic regime (Fig. 5.1(a)) and saturates at the transition into the entangled,
semicrystalline regime (Fig. 5.1(b)). The main conclusion was that the evolution of
semicrystalline microstructure with well-deﬁned interfaces between amorphous and
crystalline polymer domains is necessary for spatial separation of the electron and
hole, which controls the yield of free charges. We consider that there is a general
conclusion to be drawn from both types of optical probes involving the importance
of solid-state microstructure on electronic dynamics in semicrystalline organic se-
miconductors. The development of chain conﬁgurations deﬁning two-phase semi-
crystalline microstructures deﬁne a complex disordered energetic landscape that
infuences the branching of transient photoexcitations into charge separated states.
In classical polymer science, understanding of the complex architectures formed
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by high-Mw macromolecules is essential because many of the properties of bulk com-
modity “plastics” are dictated by two-phase morphologies of long-chain polymers.
The development of mechanical properties with Mw is fundamentally no diﬀerent
in P3HT than in common plastics, and electronic properties such as charge trans-
port display a corresponding development [152]. Here we have demonstrated that
excitonic processes in neat P3HT are also profoundly dependent on microstructure
via Mw and processing routes, and we consider that this is a general property of
plastic semiconductors.
5.7 Conclusions
By means of time-resolved PL spectroscopy at 10K, we have explored geminate-
polaron-pair yields and their recombination dynamics in ﬁlms composed of neat
P3HT of varying Mw, and processed either from solution or in the solid state.
Over the range of Mw studied, the solid-state microstructure varies from polycrys-
talline (one-phase) to semicrystalline (two-phase crystalline/amorphous). The yield
of photogenerated geminate polaron pairs, their distribution of radii (the separation
between electron and hole), and their distribution of recombination rates depends
sensitively on the nature of the microstructure. These ﬁndings illustrate that the
key consideration to determine electronic properties in semicrystalline polymeric
semiconductors is to control the solid-state microstructure by appropriate choice
of molecular weight and by processing routes.
5.8 Experimental Methods
5.8.1 Polymer processing
P3HT ﬁlms of weight-average molecular weight in the range of 12.3, 48, 208,
265, and 348 kg/mol were investigated. All materials have similar regioregularity
but the polydispersity is, respectively, 1.7, 1.8, 2.6, 2.1, and 3.7. Samples were
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processed in two diﬀerent ways. Firstly, they were wire-bar-coated from p-xylene
solution (1.4% by wt) on glass substrates. The solution and substrate tempera-
ture was 70 ◦C. Throughout this paper, we refer to samples processed this way as
“solution-processed” ﬁlms. Alternatively, they were pressed from powder as descri-
bed elsewhere [145], and these samples are described here as “solid-state-processed”
ﬁlms.
5.8.2 Photoluminescence spectroscopy
Time-resolved PL measurements were carried out with a 40-fs, 532-nm (2.33-
eV) pulse train derived from an optical parametric ampliﬁer (Light Conversion
TOPAS), pumped by a Ti :sapphire laser system (KMLabs Dragon, 1-kHz repeti-
tion rate). Maximum pump ﬂuences were 5 μJ cm−2. Spectra were measured with
an intensiﬁed CCD camera (Princeton-Instruments PIMAX 1024HB) coupled to
a 300-mm spectrometer (SP2300i, Princeton Instruments), with a 5-ns electronic
gate synchronized to the pulse train. Time-resolved PL spectra were obtained by
varying the gate delay and temporal width electronically with respect to the laser-
pulse arrival time. All time-resolved PL spectra were corrected for the instrument
response of our spectrometer.
5.8.3 Wide-angle X-ray scattering
X-ray scattering experiments were performed at the Stanford Synchrotron Ra-
diation Lightsource (SSRL) on beamline 7-2 (high-resolution grazing incidence),
with an incident energy of 8 keV. The diﬀracted beam was collimated with 1mrad
Soller slits for high-resolution in-plane scattering. For grazing incidence experi-
ments, the incidence angle was slightly larger than the critical angle, ensuring that
we sampled the full ﬁlm depth. All synchrotron X-ray scattering measurements
were performed under a He atmosphere to reduce air scattering and beam damage
to the sample. Full Warren Averbach peak shape analysis and single peak estimates
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of grazing incidence diﬀraction peaks were performed as detailed elsewhere [163].

CHAPITRE 6
INFLUENCE OF MICROSTRUCTURE ON GEMINATE POLARON
SPATIAL DISTRIBUTION IN SEMICRYSTALLINE POLYMERIC
SEMICONDUCTORS.
6.1 Contexte de l’article
Les re´sultats des chapitres 4 et 5 indiquent la pre´sence de paires de polarons
localise´s dans des re´gions spe´ciﬁques de nos ﬁlms de P3HT, soit aux interfaces entre
les domaines cristallins et amorphes. Cette conclusion est tire´e suite a` l’analyse de
la forme spectrale en photoluminescence et de la dynamique de recombinaison des
excitons dans des re´gions cristallines plus de´sordonne´es mole´culairement.
Dans ce chapitre, nous sondons la pre´sence de polarons via des techniques de
type pompe-sonde, notamment l’absorption photo-induite en continu ainsi que l’ab-
sorption transitoire. Ces techniques nous permettent de sonder l’absorption d’une
lumie`re, induite par la pre´sence des excitations dans le mate´riau. Ceci nous ren-
seigne notamment sur le spectre d’absorption de l’e´tat excite´. Les re´sultats pre´sen-
te´s nous permettent de de´terminer que la photoge´ne´ration des paires de polarons se
fait sur des e´chelles de temps sous la nanoseconde, dans des re´gions ou` les chaˆınes
de polyme`res sont plus de´sordonne´es que celles pre´sentes dans le volume des do-
maines cristallins. Les re´sultats pre´sente´s mettent une fois de plus l’emphase de
l’importance de la semi-cristallinite´ et du roˆle des interfaces dans la formation de
ces paires de polarons.
6.2 Contribution originale de chaque coauteurs
Francis Paquin a pris tous les re´sultats expe´rimentaux (a` l’exception des mesures
d’absorption transitoire par Paul-Ludovic Karsenti), fait l’analyse de ceux-ci et a
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e´crit le texte. Carlos Silva a apporte´ des corrections mineures au manuscript ﬁnal.
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6.3 Abstract
We address the inﬂuence of the weight-average molecular weight (Mw) of the
neat polymeric semicristalline semiconductor poly(3-hexylthiophene) on the spatial
distribution of photogenerated geminate polaron pairs. In previous studies, we have
shown that ﬁlms processed from low Mw (< 50 kg/mol) P3HT forms aggregates of
cofacially staked extended chains with caracteristically higher torsional disorder
than in higher Mw material. In the latter, the solid-state morphology is semicris-
talline and comprised of cristalline domains embedded in an amorphous matrix of
entangled chains. By means of quasi steady-state photoinduced and transient ab-
sorption spectroscopy, we show compelling evidence that in ﬁlms of Mw∼50 kg/mol,
ultrafast geminate polaron pairs formation occurs in more molecularly disorde-
red regions of the aggregates, with a ground-state bleach signature typical of low
Mw material. The deep modulation of the steady-state photobleaching reveal qua-
litative information on the Mw-dependence of the spatial distribution geminate-
polaron-pair separation. We address the signiﬁcant role of semicristallinity and
ordered/disordered interfaces in the process of charge separation in semicristalline
polymeric semiconductors.
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6.4 Introduction
The optoelelectronic properties of polymeric semicristalline semiconductors are
known to be intimately interconnected to their morphology, which in return is lar-
gely deﬁned by the degree of molecular packing of the polymer chains. For example,
it is well known that materials such as regiorandom poly(3-hexylthiophene), rra-
P3HT, poorly aggregates which results in amorphous ﬁlms with characteristic
charge mobilities that are six orders of magnitude lower than in the typical regiore-
gular P3HT (rr-P3HT). [180] In contrast, the electronic properties in rr-P3HT cri-
tically depends on multiple parameters such as the processing method, [16, 18, 152]
the choice of solvant, [75] and the molecular weight. [19, 27, 32, 83, 108, 152] The
latter is responsible for interesting cristallisation behavior in thin ﬁlms. [152]
Indeed, it is known that low weight-average molecular weight (Mw) rr-P3HT
tends to be polycristalline, comprised of 2D lamellae of chain-extended molecules
with higher torsional disorder than in ﬁlms of Mw higher than the molecular weight
between chain entanglement. [19] In this higher Mw regime (>50 kg/mol), the mor-
phology is characterised by cristalline domains embedded in a network of entangled
polymer chains. [19] From this ensues important morphological dependence of chain
packing and order on the optoelectronic properties. For example, charge transport
is known to be heavily impacted by the choice of Mw. Indeed, there has been expe-
rimental evidence of the increased ﬁeld-eﬀect mobilities with molecular weight in
P3HT thin ﬁlms up to ∼40 kg/mol. [19, 30, 81–83] after which saturation occurs.
On the other hand, bulk mobilities trends diﬀer from diﬀerent groups but are shown
to exhibit a decrease at high Mw. [19, 84] Importantly, these results depend strongly
on the ﬁlm processing route, and it is clear that the role of the interfaces between
cristalline and amorphous domains in higher Mw material seem to be important.
In this paper, we address the role of the polymer molecular weight on the spa-
tial distribution of geminate polaron pairs generated upon photoexcitation. Full
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separation of such tightly bound species is one of the crucial step in achieving
high yield of charge formation in bulk heterojunction solar cells. [181] In previous
papers, [149, 182] we have argued that exciton separation in neat polymeric se-
micristalline semiconductors occurs at the gradual interface between molecularly
ordered and disordered domains and forms tightly bound geminate polaron pairs
which total yield of formation is dictated by the surface area of interfaces, [149]
an aspect that can be controlled for example by varying the molecular weight of
the material. [182] Moreover, we have also shown that the follow up event is the
radiative recombination of those charge pairs, a process that occurs as a result
of quantum mechanical tunneling of the electron and hole accross the interface.
This yields long-lived photoluminescence (PL) with spectral signatures that indi-
cate that recombination occurs in more molecularly disordered regions than what
is found in the bulk of the aggregates. We found that the yield and the lifetime
of this long-lived (> 10 ns) PL depend profoundly on the microstructure impacted
by the choice Mw and processing route. In the high Mw ﬁlms, we attibuted the slo-
wer decay of the delayed PL to a larger average electron-hole spatial distribution
of geminate polaron pairs, and the yield of recombination to the surface area of
cristalline/amorphous interfaces. We have shown, along with other groups, that
the surface area can be controlled by varying the molecular weight [182] and/or
processing route. [182, 183] The goal of this paper is to support, via pump-probe
spectroscopy techniques, that charge photogeneration in thin ﬁlms of P3HT occurs
under ultrafast timescales in more molecularly disordered regions of the ﬁlm, and
to show evidence of the Mw-dependent signature of their spatial distribution. We
ﬁnd that the early time ground-state bleach signature in the transient absorption
spectrum of a thin ﬁlm of Mw=48 kg/mol carries the signature of the absorption
of low-Mw material, hence demonstrating that molecularly disordered segments of
the aggregates are responsible for the eﬃcient polaron pairs formation.
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6.5 Results
6.5.1 Absorption
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Figure 6.1 – Room temperature absorption spectra of thin ﬁlms of neat P3HT for
diﬀerent molecular weight indicated in the ﬁgure. (Figure adapted from ref. [64])
Fig.6.1 displays the room temperature absorption spectra of ﬁlms of P3HT of
Mw=12, 48 and 348 kg/mol. Within this range, the contribution of the cristalline do-
mains as measured on the same material and processing by another group accounts
for >50% of the total absorption. [18] We point out the diﬀerence in the intensity
of the origin of the vibronic progression at 2.0 eV for the low and high Mw ﬁlms.
Spano et al. has shown that the absorption spectrum of thin ﬁlms of P3HT can be
understood in the framework of a weakly coupled H-aggregate model. [60, 66] In
this model, weak resonance Coulomb interactions, Jinter, between cofacially stacked
polymer chains in the cristalline regions leads to electronic dispersion of the vibro-
nic molecular levels, thus forming a band with free exciton bandwidth W = 4Jinter.
In another paper, [64] we have followed the work of ref. [62] and extracted W from
the ratio between the 0–0 (2.0 eV) and 0–1 (2.2 eV) transitions in the absorption
spectrum of Fig.6.1.
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Our previous analysis [64] gave W ≈80meV for the 12 kg/mol ﬁlm compared to
W ≈20meV for Mw >48 kg/mol. The strength of the excitonic coupling is known
to exhibit strong variation with conjugation length, [16, 93] with the latter being
greatly impacted by the morphology that the chains adopt in thin ﬁlms. In this
speciﬁc case, the disparity between W in high and low-Mw ﬁlms can be accoun-
ted for the diﬀerent morphology adopted above and below the molecular weight
resulting in chain entanglement (∼50 kg/mol). In previous paper, we have shown
that the speciﬁc microstructure adopted by ﬁlms of diﬀerent molecular weight not
only regulate the coherence length of excitons in the cristalline regions, [64] but
also impacts the charge separation and recombination dynamics of excitons into
geminate polaron pairs in the material, [182] an important result that will be co-
vered in the discussion section. Also, Clark et al. have shown that the degree of
intramolecular order can be tuned by using the proper choice of solvent for solution
processed ﬁlms. [75] We thus conclude that the results of Fig.6.1 are consistant the
lower excitonic coupling expected in the higher Mw material as a result of increased
planarity of the chains.
6.5.2 Steady-state photoinduced absorption
Excitation of thin ﬁlms of P3HT yields both excitons and polaron pairs under
ultrafast timescales (<100 fs), [34, 35] a process typically monitored via transient
absorption spectroscopy. One can also draw important conclusions from steady-
state mesurements. In Fig.6.2(a), we show the ground-state bleach (GSB) of the
continuous-wave photoinduced absorption spectrum (cw-PIA) at T=10K, for the
ﬁlms of diﬀerent molecular weight presented in Fig.6.1. We observe a deep modula-
tion of the GSB signal that closely ressembles the ﬁrst derivative of the absorption
spectrum, as shown in Fig.6.2(b). The signature of the cw-PIA bleaching spectrum
is complex and results from a change in the absorption spectrum of the excited
state caused by the quasi steady-state population of excitons and polarons photo-
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Figure 6.2 – (a) Quasi-steady-state photoinduced absorption spectra at T=10K in
thin ﬁlms of neat P3HT of diﬀerent molecular weight indicated in the ﬁgure. (b)
Fit of the spectrum in (a) with −ΔTT = a0A(ν)+b0 dA(ν)dν with b0  a0.
generated upon excitation, with the latter showing a characteristic photoabsorption
signature around 1.25 eV(see supplemental information III). [34, 52, 184] At steady-
state, the GSB is a mixture of the absorption spectra of all the sites hosting the
excitations, with their molecular ordering diﬀering for diﬀerent molecular weight.
Seifried et al. have observed the same absorption ﬁrst derivative-like spectral si-
gnature of the photobleach in the transient spectrum of P3HT under high pulse
ﬂuence. [185] In their report, the modulation of the bleaching spectrum was assi-
gned to both photoexcited states and a thermal eﬀect which causes a blue-shift of
the ground-state absorption spectrum. They also observe an associated increase in
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the highest energy transition (1.94 eV) with an increased photon ﬂux and a dimi-
shed absorption band at 1.25 eV caused by subnanosecond bimolecular anihilation
of polarons. [185] To rule out a thermal heating eﬀect as the main source of the
modulation of the GSB signal of Fig.6.2, we have also undertaken cw-PIA measu-
rements on substrates of diﬀerent thermal conductivity (supplemental information
III) ; speciﬁcally : fused silica (∼ 1.4W/K m) and ITO (∼12W/K m) and observe
no diﬀerence in the lineshape, hence eliminating the thermal eﬀect as the main
contribution of the shift of the absorption spectrum in the excited state. We sus-
pect that the strong modulation of the GSB signal is a result of a linear Stark shift
of the molecular transition, reminiscent of spatially distributed geminate polaron
pairs, with a typical signature almost identical to what is observed by Vardeny et al.
in the electroabsorption spectrum of neat P3HT ﬁlms. [34] Such modulation of the
GSB has also been observed in the PIA spectrum of dye-sensitized solar cell with
similar conclusion, i.e as a results of the electric ﬁeld existing between the positive
charges on the oxidized dye and the injected electron in TiO2 particles. [186] In our
case, we speculate that this Stark shift is caused by a built-in local electric ﬁeld
resulting from a signiﬁcant population of long-lived polaron pairs at the interface
between molecularly ordered and disordered regions of the ﬁlm. To exploit the idea
that this occurs in such regions of the ﬁlm, we proceed to study the evolution of
the GSB via transient absorption spectroscopy.
6.5.3 Transient-absorption spectroscopy
The transient absorption (TA) spectrum of a thin ﬁlm of P3HT of average
Mw=48 kg/mol at T=10K is shown in Fig.6.3(a). In Fig.6.3(b), we show slices of
the spectrum at two diﬀerent times indicated in the ﬁgure. The TA spectrum can
be complex as there usually exist signiﬁcant overlap between stimulated emission,
photoabsorption and ground-state bleach bands. Nevertheless, the negative broad
absorption band around 1.9 eV is consistant with the formation of early polaron
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Figure 6.3 – (a) Transient absorption spectrum of neat P3HT of Mw=48 kg/mol
measured at T=10K with a pump photon energy of 2.33 eV. (b) Integrated tran-
sient signal at times indicated in the ﬁgure (symbols). Also shown is the steady-
state photoinduced absorption spectra of low (12 kg/mol, black curve) and high
(348 kg/mol, red curve) molecular weight ﬁlm at T=10K.
pairs in the ﬁlm. [35, 187] The presence of the peaks around 1.70 eV and 1.87 eV are
a result of stimulated emission which overlaps the absorption band. We note that
the early time (<1.5 ps) photobleach spectrum above 1.95 eV closely ressembles the
quasi-steady state photobleach of the low Mw (12 kg/mol) ﬁlm. At longer timescales
(integrated from 0.5 to 3.5 ns) the bleach spectrum is red-shifted and ressembles
the cw-PIA of the higher Mw (348 kg/mol) material. This result is interesting given
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the fact that Mw ≈50 kg/mol is close to the molecular weight between entangle-
ment (Me) for P3HT. [19] This speciﬁc signature in the TA spectrum shows that in
ﬁlms with Mw∼Me, early formation of photoexcited states occurs in more molecu-
larly disordered regions of the ﬁlms, speciﬁcally on chains with shorter conjugation
lengths. This result corroborates previous studies which puts emphasis that the
early formation of charge pairs occurs in regions with diﬀerent molecular packing
conﬁguration than observed in the bulk of the aggregates. [120, 136, 188, 189] Even
if the ﬂuence is much lower than in Ref. [185], we cannot rule out completely the
possibility of a contribution of thermal heating of the sample in the signature of the
GSB of our TA. Our conclusions are drawn simply on the similarity of the spectral
shape of the TA and cw-PIA of the high and low Mw ﬁlms. In any case, the presence
of the polaron absorption band indicates that there is signiﬁcant contribution to
the GSB by eﬃcient photogeneration of long-lived electronic excitations.
6.6 Discussion
From the work of the previous section, we identify that the microstructure of
thin ﬁlms of P3HT can be controlled via the molecular weight and we note that
the early formation of geminate polaron pairs occurs in regions of the aggregates
that are more molecularly disordered, possibly near the interface between ordered
and disordered regions. Excitation at 2.33 eV of a ﬁlm of P3HT of Mw=48 kg/mol
excites both amorphous and cristalline regions in the ﬁlm [149] and yields exci-
tons and geminate polaron pairs under ultrafast timescales (∼150 fs). [34, 35] The
photobleaching spectrum reveal that within the resolution of the experiment, those
tightly bound charge pairs are photogenerated in regions with a morphology simi-
lar to low molecular weight polymers, i.e aggregates with reduced intramolecular
and concomitant increased intermolecular order. The complex energical landscape
at such interfaces plays a crucial role in the formation and dynamics of long-lived
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charge pairs in polymeric semicristalline semiconductors.
In a previous paper, [149] we have studied the photoluminescence (PL) decay
dynamics of ﬁlms of P3HT of molecular weight in the same range that is presented
here. In all ﬁlms, we observed long-lived (>10 ns) PL that account for >10% of the
total emission, in a way that depends with the molercular weight. We assign this
delayed PL to recombination of geminate polaron pairs near the interface between
molecularly ordered and disordered regions. [149, 182] The slower decay of this
long-lived PL in high Mw ﬁlms was assigned to a larger distribution of radii of
electron-hole pairs localised at the interface. We also attributed the higher % of
delayed PL observed in high Mw ﬁlms to a larger surface area between ordered and
disordered domains. The conclusions that we draw from the dynamic change in
the lineshape of the TA spectrum of Fig.6.3 is consistant with other studies. In
fact, diﬀerent groups have shown that polaron pairs photogeneration are limited to
speciﬁc domains, possibly where chains are more torsionally disordered and kinked
and that the process of exciton separation into geminate polaron pairs is driven
by the energetic disorder between polymer chromophores. [136, 188, 189] Here, we
show that this occurs in regions with higher degree of conjugation breaks. Zen et al.
have shown compelling evidence that the strong relationship between the mobility
of charges with molecular weight is largely hindered by conjugation breaks of the
backbone, which reduces the hopping rate. [21] Hence, there should exist a tradeoﬀ
between a good amount of ordered/disordered interfaces necessary for the formation
of long-lived charge pairs and higher average intramolecular order for increased
average electron-hole radii. The latter being beneﬁcial for eﬃcient separation.
In this work, we use the same batch of material that was used in the work of
Ref.[18]. In their studies, the presence of long-lived polaron is observed via time-
resolved microwave conductivity measurements (TRMC) with yield and decay dy-
namics that depends strongly on the molecular weight. The TRMC spectrum re-
veal higher yield of charges at higher molecular weight with a saturation around
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Mw≈50 kg/mol, consistant with the transition from non-entangled paraﬃnic-like
to entangled, semicrystalline morphology. The authors point out the importance
of well-deﬁned interfaces between cristalline and amorphous domains in eﬃcient
separation of electron and holes in the material and speculate that the electrons
are trapped at the interface whereas the holes ﬁnds host in the cristalline regions
with lower site energy. If this is the case, the density of electrons trapped at the
interface and holes in the cristalline region could lead to a short-range local electric
ﬁeld giving rise to the speciﬁc signature that we observe in the GSB of Fig.6.2
and 6.3, consistant the Stark eﬀect that we propose. Such ﬁeld could assist the
separation of tightly bound electron-hole pairs to fully separated charges.
The results of Reid et al. also points out that only carriers that are generated
at the interfaces between ordered and disordered domains can survive up to na-
noseconds. This is also consistant with transient absorption imaging experiments
in the eﬃcient photovoltaic blend of P3HT :PCBM, where direct excitation at the
interface between domains of P3HT and PCBM, in regions that are considered
more disordered than the bulk of the aggregates is responsible for the high yield
long-lived charge-pairs. [119] Hence manipulating independantly the morphology at
interfaces and in the bulk of the aggregates can be regarded as one important tool
for optimised polaron formation and subsequent separation in free carriers. This
could be achieved by carefully intermixing phases of low and high-Mw polymers as
was attempted in Ref.[110].
Finally, our contribution to the understanding of the dependance of the mor-
phology on geminate polaron pair fomation can be imbricated in the work of Koch
et al. [19] which demonstrates increased ﬁeld-eﬀect mobilities in thin P3HT ﬁlms
up to 25 kg/mol. In their study, this mobility is limited by the thin-ﬁlm architecture
at low-Mw. Above the threshold for chain entanglement, this mobility is maximised
as a result of the interconnectivity between cristalline domains bridged by long
polymer chains. The bulk mobility that they observe via time-of-ﬂight technique
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is more complex and is maximised at 4.8 kg/mol. Increasing the lamellar thickness
via a high-pressure cristallisation process has been demonstrated to augment the
bulk mobility by orders of magnitude. This shows that not only the choice of mo-
lecular weight, but the processing method also greatly impacts the optoelectronic
proprieties in semicristalline polymers.
6.7 Conclusion
Geminate polaron pairs formation in P3HT occurs at the interface between or-
dered and disordered regions and give rise to a complex spectral signature in the
transient photobleach spectrum. The microstructure can be controlled by varia-
tion of the molecular weight of the polymer and we ﬁnd that for an average Mw of
48 kg/mol, the early time photobleach signature in the transient absorption spec-
trum is similar to what is found at steady-state in low molecular weight polymers.
This demonstrates that polaron formation occurs in more molecularly disordered
regions of the aggregates. Also, the deep modulation of the photobleach closely res-
semble the ﬁrst derivative of the absorption spectrum, a behavior that we associate
with a linear stark eﬀect caused by the local electric ﬁeld generated from spatially
distributed charge pairs. Our results show the importance of controlling the inter-
faces between cristalline and amorphous regions for eﬃcient charge photogeneration
in semicristalline polymers.
6.8 Experimental Methods
6.8.1 Polymer processing
Films of P3HT of molecular weight in the range of 12, 48, 348 kg/mol were
wire-bar-coated from p-xylene solution at a concentration of 1.4% by wt on glass
subtrate. The ﬁlms and substrates were kept at 70◦C. Films of Mw=48 kg/mol were
dropcast on spectrosil and ITO substrates from a chloroform solution (1 mg/ml).
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The ﬁlm and substrate were kept at 50◦C.
6.8.2 Absorption measurement
The absorption spectra were mesured at room temperature with a UV-Vis spec-
trophotometer (Perkin Elmer, Lambda25)
6.8.3 Photoinduced absorption measurement
Photoinduced absorption experiments were carried out by excitation with a
continuous-wave laser (Ultralasers Inc., 200mW maximum, 532 nm) modulated at
a frequency of 170Hz with a mechanical chopper (Terahertz Technologies). An
halogen lamp was sent through a spectrometer (Princeton Instruments, SP2300i)
and modulated at 139Hz to be used as a probe. The PIA signal was acquired by
phase-sensitive detection : The probe was sent to one lock-in ampliﬁer (SR810,
Stanford Research Systems) and used to normalise the change of transmission. The
latter was acquired by monitoring the PIA signal at the sum frequency (309Hz)
on a second lock-in ampliﬁer (SR830, Stanford Research Instrument). The samples
were housed in a closed-cycle, temperature controlled cryostat (CryoIndustries of
America).
6.8.4 Transient absorption measurement
TA measurements were carried out by exciting the sample with a femtosecond
laser pulse train (2.33 eV, 1KHz) at a ﬂuence of 3.6 μJcm−2 and probed with a
single-ﬁlament white-light continuum generated from the fundamental (780 nm) of
the Ti :Sapphire laser in a sapphire window.

CHAPITRE 7
CONCLUSION
Les travaux pre´sente´s dans cette the`se tentent d’e´claircir la relation intime entre
la microstructure et les proprie´te´s excitoniques dans les polyme`res semi-conducteurs
semi-cristallins. Pour e´lucider ces attributs complexes, nous avons principalement
sonde´ la dynamique de recombinaison des excitations neutres primaires et des paires
de polarons successivement forme´es dans des ﬁlms minces de poly(3-hexylthiope`ne).
La nature de ces excitons et la dynamique associe´e a` leur se´paration en paires de
charges fortement localise´es, ainsi que leur recombinaison successive de´pend en
grande partie du proce´de´ de fabrication du ﬁlm ainsi que du poids mole´culaire des
chaˆınes de polyme`re. Les conclusions que nous avons pre´cise´es dans ce document
sont ge´ne´rales a` la grande classe des polyme`res semi-conducteurs semi-cristallins.
Nous faisons ici une revue des travaux des articles pre´sente´s dans les chapitres
pre´ce´dents en les mettant en contexte avec la litte´rature re´cente.
Les polyme`res semi-conducteurs sont des mate´riaux malle´ables et le de´bat est
toujours ouvert sur les limitations (optiques et e´lectroniques) lie´es a` la morphologie
des ﬁlms minces. Par exemple, il est connu que l’auto-empilement des chaˆınes P3HT
de faible poids mole´culaire (<50 kg/mol) engendre une formation de domaines
polycristallins ou` les chaˆınes de polyme`res sont e´tendues, mais torsionnellement
plus de´sordonne´es que les chaˆınes de plus haut poids mole´culaire. Les diﬀe´rents
agre´gats se retouchent abruptement, ce qui engendre une dislocation du re´seau
cristallin. Au-dela` du poids mole´culaire ou` les chaˆınes tendent a` s’emmeˆler sur elles-
meˆmes, la microstructure est gouverne´e par ces meˆmes cristaux qui sont imbrique´s
dans une matrice de chaˆınes amorphes ou` certaines mole´cules servent de pont entre
les domaines cristallins avoisinants. Cette microstructure cristalline particulie`re a
un impact profond sur les proprie´te´s des excitations ge´ne´re´es suite a` l’absorption
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de photons.
A` basse tempe´rature (T = 10K), les excitons photoge´ne´re´s se recombinent ra-
diativement dans les domaines cristallins, donnant une signature optique qui nous
renseigne sur leur cohe´rence spatiale. La cohe´rence de ces ondes d’excitation est bi-
dimensionnelle et anisotrope dans la direction des chaˆınes et perpendiculairement
a` celles-ci (dans la direction de l’empilement des chaˆınes). Cette anisotropie rele`ve
du fait que la force du couplage excitonique intermole´culaire et intramole´culaire
montre aussi une anisotropie qui de´pend du poids mole´culaire et de l’agencement
des chaˆınes. La signature optique qui de´coule de la recombinaison des excitons dans
les agre´gats forme´s a` partir de mate´riaux de plus haut poids mole´culaire est com-
patible avec une plus grande planarite´ moyenne des chaˆınes dans les agre´gats. Dans
cette limite de haut poids mole´culaire (>50 kg/mol), la cohe´rence spatiale des ex-
citons le long de l’axe de l’agre´gat est d’environ 4.5 unite´s de thiophe`ne tandis que
la cohe´rence le long de la chaˆıne est plus faible et d’environ 2 unite´s de thiophe`ne.
Inversement, dans les agre´gats forme´s de chaˆınes ou` Mw <50 kg/mol, la cohe´rence
spatiale le long de la chaˆıne est re´duite d’environ 30% et augmente d’environ 25%
le long de l’agre´gat. Bien que la nature du couplage inter et intramole´culaire se
charge de de´localiser l’exciton dans le cristal, le de´sordre e´nerge´tique joue le roˆle
d’agent localisateur sur les excitations. Ces re´sultats diﬀe`rent largement avec la
signature optique des excitons dans les longs agre´gats mole´culaires planaires et
ordonne´s ou` la cohe´rence peut atteindre des microme`tres. [67] Il est alors envisa-
geable de conside´rer une fac¸on inge´nieuse de manipuler l’agre´gation de mole´cules
et controˆler l’interaction des chaˆınes, par exemple en ajustant le de´calage entre
ces dernie`res, permettant par le fait meˆme d’ajuster la force du couplage inter et
intramole´culaire. Ce type d’ide´e est de´ja` exploite´e the´oriquement pour le P3HT en
e´tudiant l’eﬀet du de´calage longitudinal entre les chaˆınes d’un agre´gat, permettant
de re´guler le caracte`re d’agre´gats-H ou J. [190]
Les e´tudes sur la dynamique des espe`ces photoexcite´es dans les ﬁlms de P3HT
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de´montrent qu’une fraction signiﬁcative de ces excitations primaires peuvent se
scinder en paires de charges localise´es, sous des e´chelles de temps ultrarapides (∼150
fs), [33–35] compe´titionnant avec le processus de conversion interne typiquement
observe´ dans les mate´riaux organiques. Nos re´sultats de´montrent que lorsqu’on ex-
cite le mate´riau avec une impulsion dont l’e´nergie est supe´rieure a` l’e´nergie de la
bande interdite (Eexc ≈ 2.25 eV), ces excitons ge´ne`rent des paires de charges forte-
ment localise´es aux interfaces entre les domaines cristallins et les re´gions amorphes.
La population de ces e´tats sombres peut se faire via l’e´tat excitonique ”chaud” ou
relaxe´. Le mode`le dynamique propose´ avance que ces paires de polarons se recom-
binent de fac¸on ge´minale et par eﬀet tunnel. Cette recombinaison passe par l’e´tat
excitonique de plus basse e´nergie, avec une signature caracte´ristique d’agre´gats plus
de´sordonne´s et donne lieu a` de la photoluminescence sur des e´chelles de temps >10
ns, au-dela` du temps de vie intrinse`que de l’exciton primaire. Le taux e´leve´ de
recombinaison a` long temps de vie dans les ﬁlms de P3HT ou` Mw =348 kg/mol,
>40% vs ∼5% pour Mw =12 kg/mol est consistant avec une aire d’interface de
domaines cristallins/amorphes supe´rieure a` haut poids mole´culaire. Ces re´sultats
diﬀe`rent de ceux de ﬁlms de P3HT produits par compression du polyme`re, dans
lesquels les re´gions amorphes sont quasi inexistantes et le taux de ge´ne´ration de
polarons pratiquement nul. Dans ce cas, la photoluminescence a` long temps de vie
est ne´gligeable. De plus, la dynamique plus lente de la recombinaison des paires de
charges des ﬁlms ou` Mw >50 kg/mol est explique´e, selon le mode`le dynamique, par
une distribution plus e´tale´e de rayons de ces paires de charges. Ceci pourrait facili-
ter leur dissociation en e´lectrons et trous libres. Ces re´sultats ont une importance
fondamentale au niveau de la compre´hension des me´canismes limitant la se´paration
de charge dans les mate´riaux semi-cristallins, puisque la recombinaison des paires
de polarons ge´minales compe´titionne avec leur se´paration en paire de charges libres
dans les dispositifs optoe´lectroniques.
L’e´nergie supple´mentaire accumule´e par les excitons durant les premie`res fem-
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tosecondes de leur existence leur confe`re des proprie´te´s inte´ressantes. Nos re´sultats
des chapitres 4 et 5 sont compatibles avec ceux de plusieurs groupes, i.e la pho-
toge´ne´ration intrinse`que eﬃcace de charges dans les polyme`res conjugue´s peut se
produire suite a` une excitation d’e´nergie supe´rieure a` celle de la bande interdite,
possiblement avant la dissipation d’exce`s d’e´nergie. [149, 191, 192] Ceci vient ter-
nir l’image standard de la dissociation d’excitons, soit celle d’un processus qui
s’eﬀectue suite a` la thermalisation des excitons vers le bas de la bande. De plus,
plusieurs re´sultats re´cents mettent l’accent sur l’importance des excitons ”chauds”.
Par exemple, dans des mate´riaux de faible bande interdite tel que le PCPDTBT
me´lange´s avec du PC60BM, la dissociation d’excitons cre´e des e´tats a` transfert de
charge aux interfaces ainsi que des polarons. [177] Cependant, lorsque l’e´nergie de
l’excitation surpasse celle de la bande interdite, elle n’est pas perdue par dissipa-
tion, mais sert plutoˆt a` peupler des e´tats a` transfert de charge chauds (de plus
haute e´nergie), qui eux permettent la formation de polarons de´localise´s. Ce n’est
pas l’exce`s d’e´nergie en soi qui est important, mais plutoˆt le fait que ces e´tats
chauds de´montrent un degre´ de de´localisation supe´rieur a` celui atteint par une ex-
citation d’e´nergie de l’ordre de la bande interdite. [193] Ces re´sultats peuvent aussi
eˆtre rationalise´s suite aux travaux pre´sente´s au chapitre 3. Nos mesures de´montrent
qu’il subsiste une re´orientation des chaˆınes de P3HT suite a` une excitation. Cette
re´orientation tend a` rendre les chaˆınes planaires dans l’e´tat excite´, engendrant pos-
siblement une de´localisation plus prononce´e des excitations le long de la chaˆıne.
Cette de´formation ge´ome´trique pourrait aussi contribuer a` l’agencement des e´tats
singulets avec ceux a` transfert de charge sur des e´chelles de temps compe´titionnant
avec la conversion interne d’e´nergie.
Dans les polyme`res semi-cristallins, les barrie`res e´nerge´tiques qui se forment
entre les domaines cristallins et des re´gions amorphes pie`gent les paires de polarons.
Ces derniers peuvent se recombiner par eﬀet tunnel. Bien que nous nous inte´ressons
principalement a` la recombinaison des excitations, une re´cente publication dans le
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journal Nature fait objet du transport des polarons libres dans plusieurs polyme`res
semi-conducteurs. [194] Ces travaux de´montrent que la the´orie de Marcus de´crivant
le transfert des excitations fait de´faut a` basse tempe´rature et que le transport des
polarons se fait aussi par me´diation de l’eﬀet tunnel me´die´ par les modes de vibra-
tion intermole´culaires, et ce, inde´pendamment du polyme`re e´tudie´. Notre apport
scientiﬁque de´montre que ce processus controˆle aussi la recombinaison des paires
de polarons.
La communaute´ scientiﬁque de´montre actuellement un inte´reˆt vigoureux en-
vers les me´thodes de spectroscopie e´lectronique bidimensionnelles. Ces techniques
largement utilise´es par le groupe de G. Scholes [195] permettent de sonder la dy-
namique de cohe´rence entre les e´tats e´lectroniques dans les polyme`res conjugue´s
ainsi que d’autres syste`mes biologiques. Ce type d’expe´rience a` multi impulsions
qui a entre autres e´te´ utilise´ pour e´tudier la dynamique du transport cohe´rent
des excitations intramole´culaires dans le Poly(phenyleve vinylene) [85] (PPV) se-
rait comple´mentaire a` nos travaux du chapitre 3. Notamment, elles nous permet-
traient de de´terminer la dynamique du transport cohe´rent des excitations le long
des chaˆınes de polyme`re ainsi que le long de l’axe de l’agre´gat. Cette dynamique
devrait eˆtre anisotrope et de´pendre du poids mole´culaire avec la meˆme tendance
que nous observons.
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Annexe I
Two-dimensional spatial coherence of excitons in semicrystalline
polymeric semiconductors : The eﬀect of molecular weight
I.1 Determination ofW for arbitrary Huang-Rhys parameter obtained
from the PL spectrum
The absorption lineshape of P3HT thin ﬁlms can be understood within the
framework of a weakly H-aggregate model. The electronic dispersion of the vibronic
molecular levels forms vibronic bands with free-exciton bandwidth W = 4Jinter. In
this paper, we extract the value of W from the ratio of the absorbance peaks A0−0
and A0−1 with the following analytical expression, assuming a unitary Huang-Rhys
factor.
A0−0
A0−1
≈
(
1−0.24W/h¯ω0
1+0.073W/h¯ω0
)2
. (I.1)
By using the previous expression, we assume that the absorbing and emitting
species are distinct since the PL spectrum of Fig.2(b) clearly shows that λ 2 is not
unitary in the lowMW regime. In fact, the distribution of chromophore conﬁguration
is known to be much larger in absorption. After excitation, this distribution narrows
down partly due to funneling of the excitation to more ordered domains. Therefore,
we can set a higher limit on W by imposing that λ 2 carries the same value in
absorption and PL. W can be found using an expression similiar to Eq.I.1 for
arbitraty λ . [89]
In Fig.S1, we present W as a function of the MW , using Eq.1 and the full ex-
pression from ref. [89]. It is clear that the values of W are very similar toward
high MW since λ 2 is very close to 1 above ∼ 50 kg/mol. As we move toward low
MW , λ 2 diverts from the value of 1 and can be as high as 1.65 in some ﬁlms. This
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Figure I.1 – Free-exciton bandwidth, W , extracted from the absorption spectrum
using λ 2 = 1 (red squares) and arbitrary λ 2 obtained from the PL spectra (blue
circles) as a function of molecular weight.
causes an apparent increase in W. Therefore, we can conclude that setting λ 2=1
is a good approximation in the high molecular weight regime whereas we expect
λ 2 to be somewhere between 1 and that measured from the PL for low MW ﬁlms.
Nevertheless, the disparity between both methods of calculation is not signiﬁcant,
which explains the use λ 2=1 for all ﬁlms.
I.2 Huang-Rhys parameter of a single thiophene unit
The Huang-Rhys factor is deﬁned as the ratio of the reorganization energy
caused by the displacement of the ions after an excitation, and the zero-point
motion energy of the phonon related to this displacement [196]. Therefore, there is
one Huang-Rhys factor associated to each phonon. We calculate the reorganization
energy via a time-dependant density functional theory optimization [197, 198] as
included in the Gaussian 09 package [199]. The ﬁrst excited state is deﬁned as
the root state whose energy is minimized. The reorganization energy is obtained
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by subtracting the ﬁnal and initial conﬁgurational energy. A frequency calculation
of the Raman spectrum was also made to obtain the vibrational spectrum of the
phonons. The 3N-dimensions displacement vector was then expressed as a linear
combination of all phonons, in order to calculate the Huang-Rhys factor with :
λ 2 =
1
2
kix2i
h¯ωi
, (I.2)
where xi is the displacement component of a particular phonon i, and ki and
ωi are the force constant and the angular frequency of the phonon i respecti-
vely. The isolated thiophene unit is calculated in p-xylene. A modiﬁed B3LYP
functional using 50 % exact-exchange is used to treat the exchange-correlation
energy [200, 201]. It can be justiﬁed that a higher percentage of exact-exchange
improves the description of the bandgap for the oligothiophene molecules, which
should be around 2.3 eV for pentathiophenes [93]. Indeed, upping the percentage
from 20 % (in the B3LYP) to 50 % increases the bandgap of tetrathiophenes in
chloroform from 2.13 eV to 2.32 eV. We also observe that the bandgap depends
only slightly on the exact-exchange percentage, while the Huang-Rhys parameter
has a strong dependence on the percentage. It is therefore hard to ﬁt a precise value
on the exact-exchange percentage. The value of 50 % is chosen since it has already
been used in oligoacenes [93].
The two phonons at 1463 nm and 1512 in Table.I.I arise from C-C oscillations.
The sum of their λ 2 is 1.81. Two other phonons at 1084 nm and 1152 nm would
bring the total Huang-Rhys factor to 2.25, but including them in the total sum
is debatable, since the frequency diﬀerence is signiﬁcant. One can also compare
those values with the normal B3LYP calculations. The Huang-Rhys factor for the
latter would be 1.53 if one does not include the lower frequency phonons, or 1.89
otherwise. Therefore, the choice of 2 for the individual thiophene unit’s Huang-Rhys
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Tableau I.I – B3LYP-EXX50
Frequency (cm−1) Frequency (eV) λ 2
637.4 0.079 2.553
865.9 0.107 0.032
1084.6 0.134 0.019
1152.3 0.143 0.419
1463.0 0.181 0.087
1511.5 0.187 1.726
3317.2 0.411 0.001
3352.3 0.416 0.004
Tableau I.II – B3LYP
Frequency (cm−1) Frequency (eV) λ 2
612.6 0.076 2.696
830.0 0.103 0.034
1051.8 0.130 0.001
1107.3 0.137 0.361
1399.2 0.173 0.140
1449.3 0.180 1.392
3209.0 0.398 0.001
3247.1 0.403 0.003
factor is an adequate estimate.
Annexe II
Charge separation by photoexcitation in semicrystalline polymeric
semiconductors : An intrinsic or extrinsic mechanism ?
II.1 Absorption and photoluminescence spectra
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Figure II.1 – Absorption (room-temperature) and PL (10K) spectra of P3HT. The
continuous blue line ﬁlled to the baseline displays the absorption spectrum of the
H-aggregate obtained via a Franck-Condon model (see ref. 130). The green broken
line is the diﬀerence between the modelled aggregate spectrum and the measured
absorption spectrum.
The absorption and PL spectra of a P3HT ﬁlm studied in the main article
(Merck, Mw = 47.8 kg/mol, Mn = 26.2 kg/mol, polydispersity = 1.83, 150-nm thi-
ckness), spun from trichlorobenzene (TCB) solution (6% wt), are displayed in
Fig. II.1. We have analyzed the absorption spectrum using a modiﬁed Franck-
Condon model that takes into account the H-aggregate nature of P3HT lamellar
stacks in the weak coupling limit [130]. The blue continuous line ﬁlled to the ba-
seline is the ﬁt to this model using the same parameters as in ref. 130, except for
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W = 100±3meV. Following the analysis in ref. 130, we have separated the contribu-
tion of non-aggregate regions of the ﬁlm, shown as a green broken curve. This could
be either due to very disordered lamellar stacks in which the electronic coupling is
poor, such that absorption resembles that of non-interacting polymer chains, or due
to amorphous regions of the ﬁlm. We estimate a volume fraction 52±5% for pho-
tophysical aggregates from the modelled contribution of the H-aggregate spectrum.
The components of the absorption spectrum due to aggregates and non-aggregates
are the two spectral components shown as grey broken lines in Fig. 2(d) of the
main article.
II.2 Time-resolved PL dynamics
II.2.1 Fluence dependence
We have investigated the ﬂuence dependence of the excitation laser pulse train
on the time-resolved and time-integrated PL intensity. Fig. II.2(a) displays the
time-resolved PL intensity shown in Fig. 1(a) of the main article, integrated spec-
trally over the range shown in that ﬁgure. Also shown in the ﬁgure is a similar
measurement carried out with a laser ﬂuence that is a factor of 50 higher. The PL
decay dynamics do not depend on ﬂuence over this range. Fig. II.2(b) displays the
ﬂuence dependence of the time-integrated PL intensity and the delayed PL inten-
sity over a long temporal gate spanning up to 500 μs. Both PL signals show linear
ﬂuence dependence.
II.2.2 Temperature dependence
In Fig. II.3, we compare the time-resolved PL intensity measured at 10K with
that measured at 293K. We observe that the initial exponential component decays
more rapidly at 293K, but the slope of the power-law decay component does not
show a signiﬁcant temperature dependence. According to our interpretation in the
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Figure II.2 – (a) Spectrally integrated PL intensity as a function of time following
excitation at 2.33 eV, at two diﬀerent ﬂuences shown in the legend. (b) Fluence
dependence of the time-integrated, spectrally-integrated PL intensity, and that of
the spectrally-integrated, delayed PL intensity over a temporal gate of 100 ns to
500 μs. All measurements were carried out at 10K.
main article, this power-law decay is due to recombination of geminate polaron
pairs produced on much faster timescales, and the slope of the decay is indicative
of the distribution of electron-hole separation compared to the distance dependence
of recombination by quantum tunnelling (the parameter μ in our model). We invoke
the tunnelling mechanism because of the weak temperature dependence of the slow
recombination dynamics.
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Figure II.3 – Time-resolved PL intensity following 2.33-eV photoexcitation at two
temperatures indicated in the legend.
II.2.3 Delayed PL spectral bandshape
Fig. II.4 displays two time-resolved PL spectra shown in Fig. 2(a) of the main
article. In order to demonstrate that the spectra at 10 ns and longer times is a
superposition of the aggregate spectrum (still evident after 4 ns) and a broad, less
featured component, we have subtracted the 10-ns spectrum, normalized arbitrarily,
from the 4-ns spectrum. The arbitrary normalization was chosen such that the
vibronic structure of the aggregate is subtracted (note that the residual structure
around 1.8 eV is probably due to unequal (0,0) intensity of the two spectra). We base
our conjecture that the delayed PL spectrum is a superposition of the spectrum
of the H aggregate and a featureless ‘non-aggregate’ component, as discussed in
the main article, on this procedure. This emission has not been reported in steady-
state or time-resolved PL spectra of P3HT, in any solid-state microstructure. It is
a product of delayed charge recombination, and it decays with the same power-law
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Figure II.4 – PL spectra at two temporal gates, taken from Fig. 2(a) of the main
article. The red solid circles are the diﬀerence of the spectrum at 10 ns and 0.38
times its peak intensity at 4 ns.
dynamics as the regenerated H-aggregate.
II.3 Phase-sensitive photomodulation
In order to measure the delayed PL spectrum displayed in Fig. 2(d) of the main
article, we have carried out photomodulation PL measurements by continuous-
wave photoexcitation implementing phase-sensitive detection with a dual-phase
digital lockin ampliﬁer (SRS SR830). Fig. II.5 displays the in-phase (X) and π/2
out of phase (Y ) spectra with respect to the modulated 2.33-eV continuous-wave
excitation laser. In Fig. 2(d) of the article, we have quantiﬁed the PL intensity
in quadrature (Y ) as a fraction of the total intensity R =
√
X2 +Y 2, exciting with
the output of a Hg-Xe lamp coupled to a monochromator to select the excitation
wavelength, normalized to the fractional signal in quadrature at 2.33-eV excitation
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Figure II.5 – PL spectrum measured at 10K by phase-sensitive detection upon
modulated excitation at 2.33 eV. (a) In-phase (X-channel) PL spectrum measured
at a modulation frequency of 50Hz. (b) Corresponding PL spectrum measured in
quadrature (Y -channel). The two spectra have the same normalization (note the
large diﬀerence in intensity scale).
photon energy. We used a modulation frequency of 100Hz, achieved with an optical
chopper. The phase of the lockin ampliﬁer was set such that all of the scattered
excitation light was contained in the in-phase (X) channel. We have normalized
the Y-channel fractional spectrally-integrated intensity to the value measured at
2.33 eV in Fig. 2(d) of the main article.
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II.4 Transient absorption Dynamics
Figure II.6 – (a) Transient absorption spectrum measured at 10K, with a pump
photon energy of 2.33 eV and ﬂuence of 3.6 μJ cm−2. (b) Transients at two probe
photon energies, indicated in the legend.
We have carried out transient absorption (TA) measurements using the same
femtosecond laser pulse train as we used in the time-resolved PL studies, and pro-
bing with a single-ﬁlament white-light continuum generated with the fundamen-
tal of the Ti :sapphire laser (780 nm) in a sapphire window. Fig. II.6(a) displays
the TA spectrum. We observe a broad phtotoinduced absorption to lower energies
than 1.93 eV, and a ground-state bleach signal at higher energies. Two absorption
transients derived by taking temporal cuts of this spectrum in the photoinduced
absorption region are displayed in Fig. II.6(b). Piris et al. assign the photoinduced
absorption in this region to a contribution of excitons and polarons [126]. Our TA
data demonstrates that polaron absorption is generated promptly after the fem-
tosecond laser pulse, in agreement with Piris et al. and others as described in the
main article.
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II.4.1 Comparison of TA and PL dynamics
In order to compare the dynamics probed by TA and time-resolved PL, we
display the spectrally-integrated PL dynamics at lower ﬂuence in Fig. II.2(a) with
the photoinduced dynamics at 1.88 eV probe photon energy in Fig. II.6(b), shown
in Fig. II.7. At this probe photon energy, we expect combined signal due to polarons
and to excitons, while the PL decay only probes excitons. Fig. II.7 shows that after
∼ 20 ps, the decay of the TA and PL data is similar up to ∼ 500 ps, after which the
TA signal appears to persist for longer times. Diﬀerences in the early-time decayed
can be partially ascribed to the diﬀerent time resolution in the two experiments.
The PL measurements were carried out with a streak camera with resolution of
∼ 6 ps, while the TA measurements have a resolution of ∼ 100 fs. Convolution of
the PL decay with such a slow instrument response compared to the TA data leads
to an apparent suppression of the time-resolved PL decay during the instrument
response. In addition, Piris et al. suggested that recombination of polaron pairs
at early timescales is a signiﬁcant decay mechanism [126], which results in a rapid
decay in TA that would not be present in PL. We ascribe the slower decay at longer
times in TA to longer-lived polarons.
Fig. II.7 demonstrates that excitons probed by time-resolved PL and TA spec-
troscopies display similar dynamics under similar photoexcitation conditions, which
justiﬁes using time-resolved PL spectroscopy as a probe of exciton evolution. Fur-
thermore, the PL spectral bandshape contains intricate details of the local disor-
dered energy landscape, due to the weakly-coupled H-aggregate nature of excitons
in P3HT (see ref. 60 for an extensive discussion). We exploit this property of the
PL spectrum in the main article.

Annexe III
Inﬂuence of microstructure on geminate polaron spatial distribution in
semicrystalline polymeric semiconductors.
III.1 Continuous-wave photoinduced absorption spectroscopy
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Figure III.1 – (a) Quasi-steady-state photoinduced absorption spectra at T=10K
in thin ﬁlms of neat P3HT on spectrosil substrate (open circles) and ITO substrates
(black dots).
In Fig.III.1, we show the cw-PIA spectrum of a thin P3HT ﬁlm of Mw =48
kg/mol at T=10K, processed on spectrosil and ITO substrates, the latter having a
much higher thermal conductivity. We observe no change in the spectral lineshape
and yield of photoabsorbing species, ruling out the contribution of a thermal eﬀect
to the speciﬁc signature of the GSB as was observed in Ref. [185]
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